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ABSTRACT 


A  study  of  the  acoustic  environments  that  could  be  pro¬ 
duced  in  the  RTD  Sonic  Fatigue  Facility  has  been  made  using 
both  theoretical  methods  and  experimental  modeling  techniques 
An  analysis  is  presented  which  enables  the  semi-anechoic 
environment  to  be  determined  at  any  position  in  the  facility. 
This  analysis  is  verif  - d  experimentally.  An  experimental 
program  has  also  enabled  the  semi- reverberant  environment  to 
be  established  and  has  revealed  the  part  played  by  the  absorb 
ing  treatment  in  determining  this  environment.  Experimental 
programs  have  investigated  the  sound  fields  on  structures 
located  in  the  facility  under  both  modes  of  operation.  A 
study  of  reflector  devices  used  to  modify  acoustic  environ¬ 
ments  was  made  and  has  enabled  limited  prediction  of  their 
effects.  An  analysis  of  current  service  noise  fields  on  air¬ 
craft  structures  has  enabled  determination  of  values  of  the 
major  parameters  of  these  fields  to  be  determined  for  use  in 
simulation  studies. 
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SECTION  I 


INTRODUCTION  AND  SUMMARY 


The  RTD  Sonic  Fatigue  Facility,  currently  under  construc¬ 
tion  at  Wright- Patterson  Air  Force  Base,  Ohio,  will  serve  a 
dual  purpose.  It  will  provide  information  on  the  fatigue 
levels  of  structures  and  will  also  make  possible  the  proof¬ 
testing  of  final  design  structures.  The  facility  was  designed 
as  a  tool  for  investigating  the  effects  of  acoustic  excitation 
on  structures  of  flight  vehicles  and  on  electronic  and  power 
equipment .  It  consists  of  an  oddly  shaped  test  chamber  approxim¬ 
ately  68  x  54  x  42  ft  (20.7  x  16.5  x  12.8  m)  in  size,  with  a 
volume  of  approximately  155,000  ft3  (4400  nH).  Low  frequency 
acoustic  power  in  the  range  50  cps  to  2400  cps  is  provided  by 
a  bank  of  25  sirens  located  in  one  corner  of  the  facility.  This 
bank  produces  approximately  10°  watts  of  acoustical  power  and 
an  additional  90,000  watts  are  produced  from  nine  high  frequency 
sirens  in  the  range  500  cps  to  9600  cps.  By  means  of  an  acous¬ 
tical  lining  treatment  with  removable  and  collapsible  elements, 
the  facility  is  capable  of  being  operated  under  either  progres¬ 
sive  wave  or  diffuse  field  conditions. 

An  initial  study,  using  a  modeling  technique,  was  made 
under  Contract  No.  AF  33(657)- 10927  (Ref.  1)  to  investigate 
the  acoustic  environments  attainable  in  such  a  facility.  Under 
that  contract  analytical  studies  of  the  diffuse  and  progressive 
wave  operation  of  the  facility  were  made.  In  addition,  an 
experimental  investigation  was  conducted  to  determine  the 
characteristics  of  the  fields  existing  on  structures  when  they 
are  exposed  to  simple  sound  fields. 

This  current  program  has  attempted  to  continue  these 
studies,  broadening  their  scope  where  necessary,  so  as  to  en¬ 
able  attainable  acoustic  environments  to  be  defined  in  as  com¬ 
plete  detail  as  possible .  The  environments  studied  have  been 
those  existing  under  normal  facility  operation,  with  or  without 
the  presence  of  structures,  together  with  those  environments 
as  modified  with  reflector  devices.  The  environments  have  been 
analyzed  in  terms  of  the  spatial  spectral  distribution  and  the 
cross-correlation  properties  of  the  field,  using  either  or  both 
experimental  and  analytical  techniques  where  appropriate. 

The  study  consists  of: 

1.  a  discussion  of  scaling  techniques  as  applied  to  the 
problem  of  modeling  anechoic  and  reverberant  environ¬ 
ments  on  structures; 

2.  an  experimental  and  theoretical  study  of  the  semi- 
anechoic  environment  as  influenced  by  the  position 

in  the  facility  and  the  manner  in  which  either  single 
or  groups  of  sound  sources  are  operated; 
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3.  an  experimental  study  of  the  semi- reverberant  environ¬ 
ment  as  influenced  by  the  position  in  the  facility  and 
the  location  of  the  acoustic  treatment; 

4.  an  experimental  study  of  the  acoustic  fields  existing 
on  structures  which  are  located  in  either  semi- anechoic 
or  semi- reverberant  environments; 

5.  an  experimental  and  analytical  study  of  the  ways  in 
which  plane  reflector  devices  can  be  used  to  modify 
the  acoustic  environment  in  a  region  in  free  space  or 
at  a  structure's  surface; 

6.  an  analytical  study  of  service  field  characteristics 
in  which  representative  values  of  parameters  defining 
the  field  were  determined  for  use  in  simulation  of 
service  fields  in  the  RTD  facility. 


(Note:  Any  absolute  sound  pressure  level  in  this  report  is 

with  reference  to  2  x  10" 5  N/tn^.) 
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SECTION  II 


MODELING  CONCEPTS 


The  reasons  for  performing  experimental  model  studies  of 
acoustic  environments  rather  than  utilizing  the  RTD  facility 
are  manifold.  In  order  that  the  RTD  facility  can  be  most 
rapidly  and  gainfully  utilized  for  the  purposes  for  which  it 
is  intended,  it  is  desirable  that  guidelines  for  its  operation 
be  already  established  by  the  time  the  facility's  construction 
and  testing  is  complete.  These  guidelines,  it  was  felt,  could 
be  more  rapidly  and  economically  established  by  studies  per¬ 
formed  experimentally  on  a  suitably  scaled  version  of  the  RTD 
facility. 

The  concept  of  modeling  in  acoustics  is  not  uncommon. 

For  example,  the  experimental  studies  performed  under  Contract 
No.  AF  33 (657)- 10927  (Ref.  1)  used  modeling  techniques  to  in¬ 
vestigate  diffraction  of  progressive  wave  sound  fields  by  plane 
structures.  The  modeling  method  commonly  employed  in  acoustics 
is  one  in  which  structure  sizes  and  distances  in  general  are 
geometrically  scaled  down  and,  simultaneously,  frequencies  of 
interest  are  scaled  up  by  an  identical  factor.  In  this  manner 
the  ratio  of  either  structure  dimensions  or  distance  to  wave¬ 
length  is  preserved.  Two  important  phenomena  which  control 
acoustic  environments  are  interference  and  diffraction  effects. 

The  significant  parameter  for  both  these  phenomena  is  the  ratio 
of  distance,  or  structure  dimension  to  the  wavelength  of  interest. 
If,  for  either  of  these  phenomena,  this  parameter  is  maintained 
constant,  the  respective  phenomena  effects  will  be  unaltered. 

Thus,  if  either  interference  or  diffraction  effects  are  deter¬ 
mined  for  a  particular  situation,  e.g.,  standing  waves  in  an 
enclosure  or  diffraction  around  an  object,  they  can  be  used  to 
predict  the  effects  in  a  geometrically  scaled  situation.  The 
advantages  of  performing  experiments  on  a  small  scale  model 
include  rapid  acquisition  and  analysis  of  data,  convenience  of 
operation  using  reduced  manpower,  ease  with  which  parameters  of 
interest  may  be  varied,  and  the  economics  involved  in  operating 
a  model  facility. 

The  phenomena  of  interference  and  diffraction  affect  acous¬ 
tic  environments  through  the  redistribution  of  sound  energy. 

An  additional  phenomena  of  importance  is  that  of  sound  absorp¬ 
tion.  For  this  particular  study,  absorption  produced  by  the 
acoustic  treatment  installed  in  the  RTD  facility  is  of  major 
importance,  though  the  effects  of  air  absorption  at  high  fre¬ 
quencies  must  not  be  ignored  (especially  when  the  acoustic 
treatment  is  removed  to  produce  reverberant  fields),  because 
of  the  long  path  lengths  associated  with  this  large  facility. 

If  we  accept  a  modeling  scheme  in  which  the  ratios  of 
dimensions  to  wavelengths  are  preserved  between  model  and  full 
scale  study,  then  this  implies  that  any  frequency  of  interest 
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in  the  full  scale  facility  must  be  scaled  accordingly  to  accom¬ 
plish  successful  modeling.  To  enable  sound  absorption  effects 
to  maintain  their  correct  importance  in  determining  an  acoustic 
environment,  it  is  necessary  that  the  absorption  effect  in  the 
full  scale  operation  at  the  particular  frequency  of  interest 
should  be  equal  to  that  in  the  model  at  the  scaled  frequency. 
Thus  any  acoustic  treatment  installed  in  a  model  should  have  an 
absorption  coefficient  at  the  modeled  frequency  equal  to  that 
of  the  full  scale  treatment  at  the  full  scale  frequency  of 
interest.  This  also  should  apply  to  air  absorption  if  this 
contributes  significantly  to  the  total  acoustic  absorption. 
However,  it  is  difficult  to  fulfill  this  latter  condition  in 
practice . 

This  discussion  can  best  be  summarized  by  considering  the 
following  as  an  illustration  of  the  modeling  approach.  The 
problem  is  to  determine  the  acoustic  environment  in  the  RTD 
facility  in  which  a  structure  is  located.  The  facility  is 
assumed  to  have  an  acoustic  treatment  having  absorption  co¬ 
efficient  af  at  frequency  f,  and  occupying  a  given  region  of 
the  room.  We  can  construct  a  model,  geometrically  similar  to 
the  RTD  facility  but  smaller  by  a  factor  1/n,  and  place  in  it 
a  geometrically  scaled  model  of  the  structure.  An  acoustic 
treatment  can  be  located  in  a  geometrically  scaled  location 
having  an  absorption  coefficient  o^f  ("af)  at  a  frequency  nf. 

If  we  now  determine  in  this  model  tne  spatial  distribution  of 
acoustic  energy  in  the  region  of  the  structure,  at  frequency 
nf,  this  distribution  will  be  identical  to  that  in  the  full 
size  facility  at  frequency  f,  except  that  it  will  be  geometric¬ 
ally  scaled  down  by  a  factor  n. 

We  will  refer  to  the  scaling  factor  between  the  full  size 
and  the  model  facility  as  n.  Then  the  ratio  of  dimensions, 
areas,  and  volumes  in  the  full  scale  facility  to  those  in  the 
model  facility  will  be  n,  n^,  and  n^  respectively.  Similarly, 
the  ratio  of  given  wavelength  and  frequency  in  the  full  scale 
facility  to  those  in  the  model  facility  will  be  n  and  1/n 
respectively. 


PRACTICAL  CONSIDERATIONS 

When  the  RTD  facility  is  operated  in  the  semi- anechoic 
state,  the  wall  and  ceiling  will  be  fully  acoustically  treated 
so  that  only  the  floor  will  remain  as  a  reflecting  surface  to 
influence  the  acoustic  environment.  It  will  be  sufficient  to 
perform  model  experiments  in  an  anechoic  room  of  arbitrary 
shape,  as  long  as  a  reflecting  surface,  scaled  down  in  linear 
dimensions  by  a  factor  n  from  the  full  size  floor,  is  used  as 
the  floor  of .the  anechoic  room.  The  orientation  and  size  scal¬ 
ing  of  any  absorbing  walls  need  not  be  preserved  since  these 
surfaces  do  not  affect  sound  environments  in  the  facility 
(because  they  represent  completely  absorbing  boundaries). 
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Consequently,  it  is  not  necessary  to  construct  an  identically 
scaled  model  of  the  facility  in  this  case.  Therefore,  we  have 
been  able  to  conduct  model  experiments  in  our  anechoic  room, 
which  has  a  usable  volume  16  x  12  x  8  ft  (4.9  x  3.7  x  2.4  m) , 
locating  a  reflecting  surface  on  the  wire  mesh  supporting  floor. 
This  represents  an  adequate  scaled  model  of  the  RTD  facility 
under  semi- anechoic  operation. 

In  the  other  extreme,  the  RTD  facility  may  be  operated  as 
a  semi- reverberant  room  in  which  all  surfaces  are  reflecting, 
with  the  exception  of  a  collapsed  wall  treatment  located  around 
the  room  perimeter  at  ceiling  height  and  a  ceiling  treatment 
which  may  or  may  not  be  removed  under  semi- reverberant  condi¬ 
tions.  It  would  appear  important  to  ensure  exact  scaling  of 
the  wall  sizes  and  orientations  in  order  to  achieve  successful 
acoustic  modeling.  This  would  be  true  if  we  were  to  consider 
the  problem  on  a  microscopic  scale,  because  the  size,  shape, 
and  orientation  of  each  exposed  surface  is  critical  to  the 
acoustic  environment  at  any  location  in  the  total  enclosure. 
However,  the  present  state  of  the  art  only  allows  us  to  con¬ 
sider  a  macroscopic  approach  to  the  problem  of  reverberant  sound 
fields  (which  may  be  currently  considered  sufficient  for  the 
purpose  of  sonic  fatigue  studies).  For  example,  in  a  given 
reverberation  room  with  a  given  acoustic  power  input,  the  import¬ 
ant  parameters  of  the  environment  are  the  sound  pressure  level 
in  the  diffuse  field,  the  extent  of  the  direct  field  produced 
in  the  vicinity  of  the  source,  and,  possibly,  phase  information. 
Consideration  of  the  equation  =  Wpc  +  4/p),  e.g., 

(Ref.  2),  describing  this  gross  nature  of  the  acoustic  environ¬ 
ment,  shows  that  the  factor  of  major  importance  is  the  room 
constant  Two  rooms,  having  equal  average  surface  absorption 
coefficients  will  have  the  same  value  for  p  if  their  surface 
areas  are  equal.  However,  there  is  no  restriction  as  to  their 
respective  volumes,  or  the  shape  of  these  enclosures. 

The  argument  that  the  surface  area  is  of  more  importance 
than  volume  can  also  be  expected  to  govern  the  considerations 
we  must  give  to  the  problem  of  modeling  a  reverberation  room. 

The  model  study  of  the  reverberant  (and  semi- reverberant)  opera¬ 
tional  mode  of  the  RTD  facility  was  to  be  performed  in  our 
reverberation  chamber.  The  two  facilities  can  be  approximately 
represented  by  rectangular  volumes  having  dimensions  68  x  54 
x  42  ft  (20.7  x  16.5  x  12.8  m)  and  21  x  14  x  12  ft  (6.4  x  4.3 
x  3.7  m) ,  so  that  they  are  of  similar,  though  not  identical 
shape.  In  actuality,  both  facilities  have  designed  irregulari¬ 
ties  to  increase  diffusion  (Refs.  3  and  4).  In  the  untreated 
case  the  ratio  of  respective  exposed  surface  area  for  the  RTD 
and  IITRI  facilities  are  approximately  12.34:1  (see  Appendix  II). 
If  we  assume  the  typical  linear  dimension  scaling  factor  is  n, 
then  the  area  factor  will  be  n^.  Thus,  from  the  surface  area 
ratio,  the  value  of  n  computes  to  be  V  12.34  *3.51.  It  is 
interesting  that  if  we  calculate  n  assuming  that  the  volume 
ratio  scaling  factor  is  n^  the  value  of  n  is  ^  43 . 9  =  3.53. 

Thus  it  appears  that  scaling  either  by  area  or  volume  we 
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arrive  at  approximately  equal  values  for  n.  We  chose  a  value 
of  3.5  as  being  an  average  scaling  factor  for  the  following 
study.  (It  may  be  noted  that  individual  linear  dimensions  of 
the  respective  facilities  are  in  ratios  of  3,2,  3.8,  and  3.5). 

The  sound  field  distribution  that  is  then  measured  in  the 
model  facility  at  frequency  f  will  be  equal  to  that  measured 
in  the  RTD  facility  at  a  frequency  f/3.5.  An  illustration  of 
the  validity  of  this  scaling  techrtique  can  be  made  if  we  con¬ 
sider,  for  example,  the  extent  of  the  direct  field  measured  in 
both  full  and  model  scale  facilities.  The  extent  is  given  by 
(QqP/16) 1/2 .  Thus,  for  any  facility,  it  is  proportional  to 
the  half- power  of  the  room  constant.  From  assumptions  pre¬ 
viously  made  on  absorption,  the  value  of  pl/2  for  any  facility, 
is  proportional  to  (total  area) 1/2.  But  the  ratio  of 
(facility  area)l/2  is  proportional  to  (n2)l/2j  i.e.,  n.  So 
the  ratio  of  the  extent  of  the  field  will  be  n,  i.e.,  it  scales 
as  typical  dimension.  This  example  illustrates  the  validity 
of  the  scaling  method. 

If  we  now  transfer  from  reverberant  to  semi- reverberant 
operation,  in  which  areas  of  the  RTD  facility  are  acoustically 
treated,  our  modeling  approach  will  still  be  valid,  so  long  as 
a  geometrically  scaled  area  of  treatment  is  installed  in  the 
model  facility  in  identical  locations.  The  absorption  coeffi¬ 
cient  for  the  treatment  in  the  model  at  frequency  f  must  be 
chosen  equal  to  that  of  the  treatment  in  the  full  scale  facility 
at  frequency  f/3.5.  Having  decided  upon  this  value  of  scaling 
parameter  for  the  reverberant  study,  this  value  was  also  adopted 
for  the  semi- anechoic  study.  Table  I  contains  a  comprehensive 
list  of  parameters  of  a  facility  or  its  environment  and  the 
manner  by  which  they  ideally  scale. 

We  must  also  consider  the  modeling  concept  as  applied  to 
the  sound  sources.  No  attempt  was  made  to  scale  the  acoustic 
power  capabilities  of  the  RTD  sirens,  since  this  serves  no 
useful  purpose.  The  only  effect  of  varying  the  level  of  the 
sound  source  is  to  vary  the  overall  field  level  accordingly, 
while  the  relative  acoustic  field  distribution  in  the  acoustic 
environment  remains  constant.  It  is  this  relative  field  dis¬ 
tribution  which  requires  determination  from  modeling  experi¬ 
ments.  The  level  of  the  field  at  certain  selected  locations 
may  be  readily  computed  for  any  situation  given  the  power  of 
the  source.  This,  then,  enables  absolute  levels  to  be  ascribed 
to  the  field  at  any  location  in  the  facility. 

Directivity  effects  of  the  sources  affect  both  semi- 
anechoic  and  semi- reverberant  field  distributions.  Loudspeaker 
sources  were  chosen  whose  diameter,  8  in.  (.2  m) ,  was  approxim¬ 
ately  1/3.5  the  siren's  exit  diameter,  2— 1/2  ft  (.76  m) ,  and 
these  were  mounted  in  a  scaled  baffle  in  an  effort  to  scale 
directivity  effects.  It  was  not  possible  to  exactly  scale  the 
size  of  the  sources  according  to  the  chosen  value,  but  separa¬ 
tions  of  the  sources  of  8-5/8  in.  (.22  m)  were  used,  which  did 
correspond  to  the  chosen  scaling  factor  of  3.5. 
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SECTION  III 


ACOUSTIC  FACILITIES  AND  EQUIPMENT 


The  RTD  facility  may  be  used  in  modes  of  operation  rang¬ 
ing  from  a  semi-anechoic  mode  to  a  semi- reverberant  mode.  In 
order  that  a  meaningful  experimental  study  could  be  performed 
using  modeling  techniques,  it  was  necessary  to  modify  IITRI 
facilities  so  as  to  conform  to  an  assumed  model  of  the  RTD 
facility. 


ACOUSTIC  FACILITIES 

Consider  the  case  of  the  semi-anechoic  mode  of  operation. 

In  this  mode  the  absorbing  treatment  of  the  RTD  facility  will 
cover  the  ceiling  and  the  four  walls  of  the  facility.  The  con¬ 
crete  floor  will  remain  uncovered.  The  IITRI  anechoic  room  is 
of  conventional  design,  utilizing  glass  fiber  wedges,  and  has 
a  usable  volume  16  x  12  x  8  ft  (4.9  x  3.7  x  2.4  m).  It  was 
modified  by  introducing  a  floor  over  the  entire  room,  consist¬ 
ing  of  two  layers  of  1/2  in.  (.013  m)  thick  plywood  sheets, 
joined  randomly  to  prevent  sound  transmission  by  coincidence 
and  to  inhibit  resonance  effects  (Fig.  1).  This  floor  repre¬ 
sents  a  scaled  version  of  the  RTD  facility's  concrete  floor, 
whose  dimensions  are  approximately  68  x  54  ft  (20.7  x  16.5  m). 
However,  the  acoustic  treatment  on  the  walls  of  the  RTD  facility 
has  a  depth  of  6-1/2  ft  (1.98  m).  This  treatment  extends  down 
to  the  floor,  so  that  the  effective  floor  exposed  to  acoustic 
energy  has  dimensions  approximately  55  x  41  ft  (16.8  x  12.5  m) . 
The  scaled  plywood  treatment  has  dimensions  16  x  12  ft  (4.9 
x  3.7  m),  which  is  approximately  in  accordance  with  the  chosen 
scaling  factor  of  3.5.  The  reflection  coefficient  of  the  ply¬ 
wood  floor  was  not  determined.  It  was  estimated  to  be  90  per 
cent,  which,  though  not  as  high  as  that  of  the  concrete  floor 
(98  per  cent),  is  sufficient  to  ensure  that  the  majority  of 
incident  energy  is  reflected. 

The  siren  bank  source  has  been  modeled  by  constructing  a 
bank  consisting  of  twenty- five  8  in.  (.2  m)  Jensen  loudspeakers, 
which  is  geometrically  scaled  and  located  to  model  the  RTD 
facility  under  semi-anechoic  conditions.  Details  of  its  con¬ 
struction  and  location  in  the  facility  are  shown  in  Fig.  1. 

In  the  semi- reverberant  mode  of  opera t ion  the  RTD  facility 
will  have  the  absorbing  treatment  collapsed  so  as  to  approxim¬ 
ately  cover  the  top  one- third  of  the  four  walls.  The  absorbing 
ceiling  may  be  removed  or  may  be  allowed  to  remain. 

The  semi- reverberant  mode  was  simulated  in  the  IITRI 
reverberation  room.  At  the  commencement  of  the  program,  it 
was  not  thought  that  the  ceiling  would  be  removed  and  initial 
model  experiments  were  performed  with  a  plane  2  in.  (51  mm) 
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thick  layer  of  fiberglass  material  covering  the  majority  of  the 
area  of  the  ceiling  (Fig.  2).  The  splayed  ceiling  provides  a 
variable  air  gap  which  increases  the  low  frequency  absorption. 
The  absorption  coefficient  of  the  material,  determined  without 
an  air  gap  backing  is  also  shown  in  Fig.  2.  No  attempt  was 
made  to  simulate  the  addition  of  a  collapsed  treatment  covering 
the  upper  portion  of  the  walls,  since  it  was  anticipated  that 
the  ceiling  treatment  would  be  the  major  factor  influencing  the 
acoustic  environment  because  of  its  tendency  to  absorb  vertic¬ 
ally  traveling  sound  energy. 

As  the  work  progressed,  it  was  determined  that  the  ceiling 
might  be  removed  in  the  RTD  facility  so  that  the  only  absorbing 
material  remaining  would  be  confined  to  the  upper  one- third  of 
the  walls.  The  simulation  of  the  collapsed  wall  treatment  was 
accomplished  by  constructing  a  framework  to  which  a  fiberglass 
form  was  attached  (Fig.  2).  The  surface  area  and  location  of 
this  treatment  conforms  to  the  scaling  factor  as  adopted  pre¬ 
viously  in  this  report.  Further  particulars  of  the  experimental 
set-up  for  the  semi- reverberant  mode  are  given  in  Fig.  3.  It 
may  be  noted  that  the  IITRI  reverberation  room  has  splayed  walls 
and  a  permanent  elevated  platform  in  the  center  of  the  room. 

To  minimize  the  effects  of  this  platform,  readings  in  the  dif¬ 
fuse  field  were  taken  in  areas  remote  from  the  track. 


EQUIPMENT 

Figure  4  illustrates  the  systems  used  for  the  generation 
of  the  acoustic  fields  and  the  analysis  of  the  data  obtained. 

The  sound  generation  system  produces  either  a  sine  wave, 
or  a  noise  band  output,  since  the  RTD  siren  operation  will  pro¬ 
duce  either  discrete  frequency  or  limited  noise  band  signals. 

The  bands  of  noise  are  obtained  by  filtering  the  output  of  a 
white  noise  generator. 

Representative  bands  of  noise  with  center  frequencies  200, 
500,  and  1250  cps,  each  having  a  200  cycle  bandwidth,  were  used. 
This  bandwidth  corresponds  to  an  approximate  scaling  of  the  50 
cycle  maximum  bandwidth  of  any  given  siren.  The  inability  of 
the  filtering  system  to  generate  200  cycle  bandwidth  signals 
with  acceptably  sharp  cut-offs  at  higher  frequencies  necessitated 
the  use  of  a  one- third  octave  band  filter  in  order  to  obtain 
bands  of  noise  centered  at  3150  cps  and  8000  cps.  Consequently, 
the  results  of  experiments  performed  at  these  two  frequencies 
must  be  viewed  carefully  because  of  the  excessive  bandwidths  used. 

The  speaker  sources  of  the  sound  differed  for  the  two 
modes  of  operation  of  interest.  The  semi-anechoic  operation 
necessitated  the  use  of  the  bank  of  25  loudspeakers,  because 
of  the  effect  of  speaker  location  on  the  detailed  nature  of 
the  acoustic  environment.  In  the  semi- reverberant  case,  interest 
was  centered  in  the  gross  nature  of  the  acoustic  environment; 
for  this  reason,  only  a  single  source  was  needed. 
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The  measurement  of  sound  pressure  levels  was  obtained 
using  a  1/4  in.  (6  mm)  condenser  microphone  and  was  recorded 
by  passing  the  signal  through  an  audio  spectrometer  for  ampli¬ 
fication,  and  recording  the  signal  on  a  chart  level  recorder. 
Initially,  values  were  obtained  by  manually  moving  the  micro¬ 
phone  from  point  to  point  in  the  field.  This  system  was  im¬ 
proved  by  constructing  a  motor  and  pulley  system  which  allowed 
a  continuous  traverse  along  a  straight  line  to  be  made. 

Cross-correlation  measurements  were  made  using  two  1  in. 
(25  mm)  microphones  whose  outputs  were  correlated  by  the  use 
of  a  random  signal  correlator.  Due  to  the  nature  of  the  meter 
readout  of  the  correlator,  all  measurements  were  made  pointwise 
rather  than  continuously. 
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SECTION  IV 


EXPERIMENTAL  INVESTIGATION  OF  SEMI-ANECHOIC  ENVIRONMENTS 


The  semi- anechoic  mode  of  operation  of  the  RTD  facility 
will  consist  of  an  absorbing  material  covering  the  ceiling  and 
walls  of  the  facility  leaving  only  an  untreated  reflecting  floor. 
This  mode  of  operation  has  been  simulated  in  the  IITRI  anechoic 
room  by  placing  a  plywood  floor  on  the  wire  mesh  floor.  It  is 
the  purpose  of  this  section  to  experimentally  investigate  the 
attainable  acoustic  environments  under  these  conditions  of 
operation. 

Given  this  semi- anechoic  environment  and  a  bank  of  25 
sources ,  one  will  be  able  to  generate  a  variety  of  sound  pres¬ 
sure  fields.  One  possible  method  of  exploring  these  fields 
would  be  to  map  out  the  sound  pressure  level  contours  for  all 
of  the  combinations  of  sources,  operated  coherently,  taken  one, 
two,  three,  etc.,  at  a  time.  (One  need  not  be  overly  concerned 
with  combinations  of  non- coherent  sources  as  the  individual 
fields  will  not  produce  interference  effects  but  will  simply 
add  on  an  energy  basis.)  This  approach  is  not  feasible,  however; 
the  reason  being  that  the  total  number  of  operating  conditions 
is  excessively  large  for  complete  experimental  enumeration. 

The  impracticality  of  this  method  of  approach  necessitates 
an  alternative  approach  based  on  drawing  general  conclusions 
from  a  relatively  small  number  of  observations.  This  method 
has  been  adopted  for  the  subsequent  analysis.  It  should  also 
be  noted  that  in  the  following  discussion  sound  pressure  levels 
relative  to  a  reference  point  rather  than  absolute  sound  pres¬ 
sure  levels  are  the  characteristics  which  are  determined  in  any 
given  acoustic  environment.  The  absolute  levels  are  functions 
only  of  the  sound  power  input,  but  the  relative  field  distribu¬ 
tion  is  a  function  of  several  parameters,  and  consequently  it 
is  this  relative  distribution  to  which  this  study  is  devoted. 


SOUND  PRESSURE  LEVELS 

Figure  5  shows  the  sound  pressure  level  measured  along 
either  a  diagonal  or  a  normal  to  the  source  plane  at  floor  level 
with  the  source  located  in  the  corner  of  the  facility.  The 
source  was  operated  at  three  discrete  frequencies  200,  1250, 
and  3150  cps,  and  the  plotted  data,  compared  to  inverse  square 
law  distributions,  illustrates  the  high  degree  of  wall  absorp¬ 
tion  at  the  higher  frequencies  in  this  scaled  model  of  the 
RTD  facility.  Wall  effects  can  be  observed  at  the  lowest  fre¬ 
quency  . 

Figures  6,  7,  and  8  give  experimentally  observed  sound 
pressure  level  contours  for  single- source  excitation  of  bands 
of  noise  with  center  frequencies  200  cps,  500  cps,  and  1250  cps 
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respectively.  These  measurements  were  taken  in  a  plane  parallel 
to  the  source  plane  and  7-1/2  ft  (2.3  m)  from  the  sources.  This 
is  represented  by  the  line  XY  in  Fig.  5. 

One  of  the  results  that  these  contour  diagrams  illustrate 
is  the  effect  of  varying  the  height  of  a  single  source  upon  the 
contours.  The  slight  (+  1/2  db)  asymmetry  observed  in  the  con¬ 
tours  could  be  caused  by  any  of  several  reasons: 

1.  the  floor  is  not  symmetrical  with  respect  to  the  axis 
of  the  source  system; 

2.  the  room  is  not  perfectly  anechoic  for  low  frequencies; 

3.  the  floor  is  not  constructed  from  perfectly  homogeneous 
material,  so  that  variations  in  reflection  coefficient 
can  occur;  and 

4.  the  inherent  limits  of  accuracy  in  the  measurement  of 
noise  signals. 

It  can  be  seen  that  as  the  source  height  is  increased,  the  con¬ 
tours  tend  to  collapse  vertically.  Thus  an  increase  in  source 
height  above  the  floor  produces  a  more  complex  spatial  distribu¬ 
tion.  It  is  characteristic  that  the  horizontal  distribution  of 
sound  pressure  levels  near  the  floor  does  not  vary  significantly 
with  source  height  while  the  vertical  levels  vary  markedly.  Two 
empirical  results  obtained  from  the  contours  are  that  the  height 
of  a  given  maximum  or  minimum  is  inversely  proportional  to  the 
height  of  the  source  above  the  floor  and  the  separation  between 
any  successive  maximum  and  minimum  is  approximately  constant  for 
a  given  frequency. 

This  may  be  compared  to  the  case  where  the  source  height 
is  held  constant  and  the  center  frequency  of  the  band  is  varied. 
The  observed  results  are  quite  similar  to  those  above  in  that 
the  contours  become  flattened,  being  compressed  in  the  vertical 
direction  and  being  extended  in  the  horizontal  direction,  as 
the  frequency  is  increased.  Because  of  the  similarity  of  results 
obtained  in  these  two  cases,  it  may  be  surmised  that  the  contour 
shape  is  a  function  of  the  ratio  of  speaker  height  above  the 
floor  to  the  wavelength  of  the  sound. 

The  conclusions  drawn  so  far  have  concerned  only  the 
spatial  distribution  of  the  sound  pressure  level  contours. 

It  may  be  noted  that,  in  general,  the  maximum  sound  pressure 
level  is  obtained  at  floor  level  normal  to  the  source.  Addi¬ 
tionally,  for  any  speaker  operated  at  a  given  frequency,  equal 
minima  sound  pressure  levels  relative  to  the  maxima  are  pro¬ 
duced,  independent  of  the  spatial  distribution  of  these  contours. 

Figure  9  illustrates  the  effects  due  to  a  change  in  the 
separation  between  the  measurement  plane  and  the  source  plane. 

It  is  seen  that  the  distributions  become  less  spatially  complex 


11 


as  the  separation  increases,  with  the  distributions  at  large 
distances  tending  to  form  parallel  horizontal  straight  lines. 

An  empirical  rule  can  be  observed  here:  The  distance  up  from 
the  floor  to  any  particular  extremum  (maximum  or  minimum)  is 
approximately  directly  proportional  to  the  source- measurement 
plane  separation. 

Experimental  determination  of  sound  pressure  level  con¬ 
tours,  while  giving  an  informative  picture  of  the  acoustic 
environment,  is  generally  a  time-consuming  operation.  In 
order  to  obtain  data  about  a  larger  number  of  source  configura¬ 
tions,  in  the  following  experiments  data  was  only  taken  along 
two  axes:  (1)  a  horizontal  axis  along  the  floor  and  parallel 
to  the  plane  of  the  sources,  and  (2)  a  vertical  axis  at  the 
center  of  the  source  axis  and  normal  to  the  floor.  All  measure¬ 
ments  were  made  at  a  distance  of  7-1/2  ft  (2.3  m)  from  the 
source  plane. 

Figures  10  and  11  are  plots  of  sound  pressure  levels  along 
these  vertical  and  horizontal  axes  for  single  sources  emitting 
bands  of  noise.  This  data,  which  consists  of  profiles  along 
two  axes  of  the  data  shown  in  Figs.  6  to  8,  illustrates  results 
which  are  not  obvious  in  the  contour  diagrams.  The  vertical 
traverses  more  clearly  show  the  relative  maxima  and  minima, 
the  spatial  separation  of  which  decreases  as  the  height  of  the 
source  from  the  floor  is  increased.  The  magnitudes  of  the 
maximum  to  minimum  decibel  separation  can  be  seen  to  remain 
constant  for  any  specific  frequency  and  any  variable  source 
height.  The  horizontal  traverses  illustrate  the  gradual  de¬ 
crease  of  sound  pressure  level  as  the  distance  from  the  vertical 
axis  to  the  point  of  measurement  is  increased.  Furthermore, 
the  horizontal  profile  shapes  are  seen  to  be  geometrically 
identical  for  a  given  frequency,  being  independent  of  the  source 
height.  (In  other  words,  the  absolute  levels  vary  with  source 
height,  but  relative  levels  remain  constant.) 

An  experiment  was  performed  to  observe  the  effect  of  us¬ 
ing  sine  wave  excitation  rather  than  noise  excitation.  Figure 
12  illustrates  this  comparison  for  a  vertical  traverse  of  the 
field  due  to  a  single  source  for  both  harmonic  and  noise  excita¬ 
tion.  It  can  be  seen  that  the  maxima  and  minima  occur  at  the 
same  relative  positions  above  the  floor.  However,  the  relative 
differences  between  corresponding  extrema  vary  considerably. 

The  maxima  and  minima  for  the  noise  case  are  very  much  less 
in  relative  amplitude  compared  to  the  extrema  in  the  harmonically 
excited  field.  Horizontal  traverse  distributions  at  floor  level 
for  harmonic  cases  are  observed  to  be  identical  to  those  for 
noise  band  cases  to  within  experimental  limits  and  are  conse¬ 
quently  not  reproduced  in  this  report. 

An  experiment  was  performed  to  determine  the  effect  of  a 
close  grouping  of  sources  located  close  to,  and  far  from  the 
floor,  upon  the  sound  pressure  level  distribution  along  a  verti¬ 
cal  and  a  horizontal  axis.  The  results  are  shown  in  Figs.  13 
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and  14.  It  is  seen  that  as  the  frequency  is  increased,  the 
ranges  of  sound  pressures  along  a  profile  increase  from  prac¬ 
tically  zero  at  200  cps  noise  band,  to  significantly  large 
amounts  (up  to  15  db)  at  the  1250  cps  noise  band.  This  occurs 
for  the  groupings  located  both  near  and  away  from  the  floor. 

An  important  fact  to  note  is  that  for  vertical  traverses,  the 
results  of  using  one  source  or  two  sources  of  equal  height 
above  the  floor  are  identical.  Similarly,  the  results  of  using 
one  source  or  two  adjacent  vertical  sources  show  identical  re¬ 
sults  for  horizontal  traverses. 

The  phenomena  of  having  two  adjacent  sources  in  a  horizon¬ 
tal  (or  vertical)  plane  produce  the  same  relative  sound  pressure 
level  results  as  one  source,  for  traverses  in  a  vertical  (or 
horizontal)  plane  respectively  can  be  extended  for  several 
sources  as  shown  in  Fig.  15.  Various  combinations  of  sources 
in  a  horizontal  line  near  the  floor  produced  identical  center 
line  contours  for  vertical  traverses  and  widely  divergent  con¬ 
tours  for  horizontal  traverses.  Several  generalizations  can 
be  made  from  the  previous  experiments  and  from  the  results  ob¬ 
tained  from  multiple- source  excitation  for  the  1250  cps  noise 
band  as  shown  in  Figs.  16  and  17.  It  can  be  concluded  that 
the  higher  the  group  of  sources  are  from  the  floor,  the  more 
rapid  are  the  variations  in  spatial  distribution  of  the  contours 
in  the  vertical  direction.  Also,  the  closer  the  sources  are 
together  in  horizontal  directions,  the  less  rapid  are  the 
spatial  variations  in  contour  distribution  in  the  horizontal 
direction.  By  making  use  of  the  concept  of  images,  a  simple 
model  can  be  formed  to  account  for  most  of  the  previously  dis¬ 
cussed  results  of  this  section. 


CROSS- CORRELATION 

It  was  believed  that  results  of  the  experimental  investi¬ 
gation  of  the  cross- correlation  function  in  the  semi-anechoic 
case  would  not  justify  the  time  and  effort  spent  on  obtaining 
this  data.  The  main  reason  for  this  belief  is  that  the  nature 
of  the  cross- correlation  function  depends  on  the  location  of 
the  reference  point  in  the  acoustic  field.  Thus,  to  obtain  a 
complete  picture  of  the  cross- correlation  function  over  the 
entire  field,  it  would  have  to  be  determined  for  every  reference 
point  of  interest.  This  is  in  contrast  to  the  case  of  sound 
pressure  levels,  where  a  change  in  reference  point  would  only 
alter  the  levels  of  all  contours  by  a  single  constant  value, 
leaving  the  shapes  and  relative  sound  pressure  differences  the 
same . 


However,  a  single  determination  of  cross-correlation  func¬ 
tion  relative  to  a  point  at  floor  level  was  made  along  a  verti¬ 
cal  direction  when  a  single  source  was  operating  under  noise 
band  conditions.  This  is  shown  in  Fig.  21  and  is  Intended  only 
for  comparison  to  values  of  the  function  predicted  in  a  later 
section. 
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CONCLUSIONS 

An  experimental  investigation  of  the  acoustic  environment 
under  semi-anechoic  operation  has  been  made.  Spatial  pressure 
distribution  has  been  examined  for  both  tone  and  noise  band 
signals  produced  by  either  single  sources  or  small  groups  of 
sources.  A  summary  of  results  is  shown  in  the  following. 

For  single  sources: 

1.  As  the  source  to  floor  separation  is  increased  the 
contours  compress  to  those  approaching  horizontal 
parallel  straight  lines  in  the  limit. 

2.  As  the  frequency  is  increased,  the  contours  compress 
to  those  approaching  horizontal  parallel  straight 
lines  in  the  limit. 

3.  As  the  separation  between  the  plane  of  the  source 
and  the  plane  of  measurement  is  increased,  the  con¬ 
tours  become  less  complex  and  tend  toward  horizontal 
parallel  straight  lines. 

4.  If  noise  band  excitation  is  replaced  by  sine  wave 
excitation,  the  contours  are  the  same  geometrically. 
However,  the  magnitudes  of  the  interference  extrema 
are  much  larger. 

5.  The  height  above  the  floor  of  a  given  extremum  is  in¬ 
versely  proportional  to  the  separation  between  the 
source  and  the  floor. 

6.  The  separation  between  any  adjacent  maximum  and  mini¬ 
mum  in  the  plane  is  constant  for  a  given  frequency 
and  source- floor  separation. 

7.  The  distance  from  the  floor  to  the  position  of  a  par¬ 
ticular  extremum  is  directly  proportional  to  the  source 
to-measurement- plane  separation. 

For  coherent  multiple  sources: 

1.  For  a  close  grouping  of  sources  or  for  a  grouping  of 
sources  in  a  vertical  line,  the  horizontal  distribu¬ 
tion  has  a  gradually  decreasing  value.  Vertical 
traverses  show  no  noticeable  common  characteristics. 

2.  For  sources  in  a  horizontal  line,  the  positions  of  the 
extrema  in  a  vertical  direction  are  identical  for  any 
source  combination.  As  the  floor  to  source  separation 
is  increased,  the  distance  between  extrema  is  decreased 
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SECTION  V 


THEORETICAL  STUDY  OF  SEMI- ANECHOIC  ENVIRONMENTS 


It  has  been  adequately  demonstrated  in  the  preceding  sec¬ 
tion  that  the  sound  fields  which  are  produced  under  semi- anechoic 
operation  of  the  model  facility  cannot  be  considered  to  be  simple 
in  nature.  They  do  not  possess  those  characteristics  that  are 
normally  associated  with  the  field  radiated  from  simple  sound 
sources  in  free  space.  Large  spatial  variations  in  sound  pres¬ 
sure  level  exist  within  the  regions  of  the  model  facility.  The 
existence  of  the  variation  can  be  directly  attributed  to  the 
presence  of  the  reflecting  surface  formed  by  the  floor  of  the 
model  facility.  Any  sound  source  within  the  facility  will  have 
an  image  source  associated  with  the  presence  of  the  reflecting 
floor  surface.  It  is  the  interaction  between  the  sound  fields 
associated  with  these  two  sources  that  is  responsible  for  the 
complexities  in  the  field.  Acoustic  interference  effects  are 
more  widely  associated  with  single  frequency  sound  fields,  but 
can  also  be  associated  with  noise  fields.  Because  the  RTD 
facility  is  capable  of  operation  under  discrete  frequency  or 
noise  band  operation  using  single  or  multiple  sources,  we  will 
consider  the  general  case  of  interference.  If  we  consider  a 
point  in  the  field  produced  by  'n'  sources,  resulting  from  'n* 
individual  pressures  at  the  point,  the  mean  square  pressure  at 
this  point  is 


(pL  +  p2  . . .  +  Pj  +  . . .  +  pn>2 

J  i  j 


The  term  PiPj  is  the  cross-correlation  function  between 
signals  P^  and  Pj  and,  consequently,  knowledge  of  this  function 
together  with  the  mean  square  pressures  resulting  from  the  in¬ 
dividual  sources  alone,  enables  the  overall  pressure  field  to 
be  determined.  Note  that  if  PjP^  is  zero  for  all  values  of  i 
and  j,  the  signals  P^  and  Pi  are J incoherent ,  so  that  the  over¬ 
all  mean  square  pressure  can  be  determined  from  integrated 
energy  considerations,  i.e.,  from  the  first  summation  term  in 
Eq.  (1). 


Now  if  we  consider  a  single  source  located  above  a  per¬ 
fectly  reflecting,  infinite  floor  at  some  point  Y  (Fig.  18-A) 
the  sound  field  is  produced  by  the  addition  of  a  direct  sound 
field  originating  from  an  omni-directional  point  source  pro¬ 
ducing  a  pressure  Pi=P(t)  and  a  reflected  sound  field,  produc- 
a  pressure  P2=P(t+T),  where  r  is  the  time  difference  associ¬ 
ated  with  the  difference  in  path  lengths  between  the  direct  and 
reflected  signals.  Thus  in  this  case  Eq.  (1)  becomes 
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(2) 


P2"  =  (Px  +  P2)2  =  (pi2  +  P22  +  2pip2> 

Because  signal  P2  is  the  reiteration  of  signal  delayed 
by  a  time  r,  the  cross-correlation  function  P^P2  is  equal  to 
the  auto- correlation  function  of  signal  P,  for  a  given  time 
delay  r,  since 


Pp^  =  P(t)  P(t  +  r) 


Thus  the  magnitude  of  the  sound  field  associated  with  a 
sound  source  located  above  a  reflecting  plane  can  be  estab¬ 
lished  if  the  auto-correlation  function  of  that  original  sig¬ 
nal  is  known.  This  property  of  a  signal  can  readily  be  obtained 
either  by  the  use  of  electronic  correlating  devices  of  analog 
or  digital  type  or  by  computation  from  spectral  analysis  data 
of  the  signal  through  use  of  the  Fourier  transforms 


iKr) 

0>(f  ) 


o)(f)  cos  27rfr  df 
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/  ^(r)  cos  2tt£t  dr 

Jo 


(3) 


where  co(f)  is  the  power  spectrum  and  t//(t )  is  the  correlation 
function  of  the  given  signal. 

Because  correlation  functions  are  frequently  normalized 
to  become  correlation  coefficients,  it  is  more  convenient  to 
transform  Eq.  (2)  to  the  following. 


(4) 


where 

R(t). 


P1P2/1 

Thus 


/I 

Eq . 


<4.: 


is  termed  cross-correlation  coefficient 
is  generally  expressed  in  the  form 


2R(r) 


(5) 


Because  we  assume  P]^  =  P(t),  P2  =  P(t  +  r),  it  follows  that 
R(t)  is  the  auto- correlation  coefficient  for  the  signal  P(t) 
for  time  delay  r,  and  has  a  value  of  unity  when  r  -  0. 

An  illustration  of  some  typical  auto-correlation  coeffi¬ 
cients  are  shown  in  Fig.  19- A  for  cases  of  discrete,  narrow 
band,  and  broad  band  signals.  These  may  be  computed  for  ideal 
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bands  of  noise  of  limiting  frequencies  f  and  f,  from  the  follow¬ 
ing  expression 


R(t)  =  [  cos  2nfi  ^  _  — 1 —  cos  2Tf  T  .  s^n  27rAfr  (6) 

J  f  2Af  27TAfr  m 

a 

where  2Af  =  f,  -  f  and  f  =  (f  +  f.  )/2.  Further  discussion 
of  this  subject  is  contained  in  Refs.  5,  6,  and  7. 

A  preliminary  investigation  of  Eq .  (5)  will  enable  a  general¬ 
ized  picture  of  the  sound  field  distribution  in  the  facility  to 
be  determined. 

Let  us  consider  the  magnitude  of  the  sound  field  along  a 
line  perpendicular  to  the  floor,  where  initially  this  location 
is  distant  from  the  source.  Then  Pit^P2  at  all  points  along 
this  perpendicular  line  so  the  value  of  Eq.  (5)  is  determined 
almost  exclusively  by  the  value  of  R(t),  This  has  a  maximum 
value  equal  to  unity  when  r  =  0,  i.e.,  when  direct  and  reflected 
signals  are  separated  by  zero  time  delay,  i.e,,  for  a  point  X 
located  on  the  floor  (Fig.  18-A), 

Thus  a  maximum  value  of  sound  pressure  will  be  experienced 
at  the  level  of  the  floor.  In  the  case  of  a  discrete  frequency 
source  signal,  a  series  of  maximum  sound  pressure  levels  will 
occur  at  points  along  a  vertical  whenever  the  direct  and  re¬ 
flected  signal  paths  differ  by  a  whole  number  of  wavelengths, 
i.e.,  corresponding  to  values  of  R(t)  *  +1  and  thus  r  =  gT, 
where  g  =  integer  and  T  =  period  of  signal.  The  positions  of 
maximum  sound  pressure  level  are  alternated  by  positions  having 
zero  sound  pressure  level  corresponding  to  values  of  R(t)  =  -1. 
Figure  19-B  shows  typical  distributions  along  a  vertical  line 
above  the  floor  for  a  discrete  frequency  signal.  In  the  case 
of  noise,  the  auto-correlation  coefficient  has  only  a  single 
value  of  1  when  t  =  0;  other  maxima  are  successively  decreasing 
(Fig.  19-A).  Consequently,  the  interference  distribution  for 
a  noise  band  resembles  that  shown  in  Fig.  19- C.  The  interfer¬ 
ence  effects  region  is  most  pronounced  close  to  the  floor  but 
at  points  well  removed  from  the  floor  where  there  is  a  consider¬ 
able  path  difference  between  direct  and  reflected  sound  paths, 
the  cross- correlation  function  tends  to  zero  and  the  two  sound 
fields  are  incoherent  and  add  by  energy  alone.  It  may  be  noted 
in  this  region  the  sound  pressure  level  will  be  3  db  below  that 
value  at  the  floor. 

The  phase  characteristics  of  the  acoustic  field  can  also 
be  determined  from  knowledge  of  the  correlation  properties  of 
a  single  signal.  For  example,  the  cross-correlation  coefficient 
between  signals  received  at  two  locations  in  the  facility,  A 
and  B,  is  g,  given  by 
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(7) 


R 


(Px  +  P2)  .  (P3  +  P4) 


<P1  +  P2^  •  <P3  +  V2 


where  Pi  and  P2  are  direct  and  floor- ref lected  signals  received 
at  location  A,  and  P3  and  P4  are  those  received  at  location  B. 
For  a  simple  illustration,  assume  that  A  and  B  lie  in  the  far 
field  approximately  equi- distant  from  the  source.  Then 


and  the  cross-correlation  coefficient  between  A  and  B  becomes 


(8) 


where  Ri  3  represents  the  cross- correlation  coefficient  between 
the  signal  1  at  A  and  the  signal  3  at  B.  Ri  3  may  be  deter¬ 
mined,  for  example,  by  inspection  of  the  auto-correlation  coef¬ 
ficient  of  the  signal  originating  from  the  source,  knowing  the 
path  difference  between  the  two  signals  of  interest. 

Figure  21  shows  both  the  calculated  and  the  experimentally 
determined  cross-correlation  coefficient  profile  along  a  vertical 
line  in  the  interference  field  produced  by  a  single  noise  band 
signal  (see  Appendix  A) .  The  calculated  values  were  deter¬ 
mined  using  Eq .  (8)  and  the  auto- correlation  coefficient  of  the 

original  signal  which  was  obtained  experimentally. 

Figure  21  also  shows  the  sound  pressure  level  profile  ob¬ 
tained  experimentally  for  the  same  operating  conditions  as 
above  as  well  as  the  profile  computed  using  Eq .  (5),  again 

knowing  the  original  signal's  auto- corre lation  coefficient 
(see  Appendix  A).  It  is  seen  that  the  pressure  profile  gives 
excellent  agreement  between  calculated  and  experimental  values. 
The  phase  profile  characteristics  show  only  fair  agreement. 

This  may  result  from  the  floor's  not  being  a  perfect  reflector 
either  in  its  amplitude  or  phase  characteristics. 

We  have  now  established,  in  general,  how  the  presence  of 
the  reflecting  surface  will  produce  an  interference  field  in 
the  RTD  facility. 

We  must  now  consider,  more  specifically,  this  interference 
field.  For  example,  how  is  the  spacing  of  the  maximum  and  mini¬ 
mum  values  of  sound  pressure  level  related  to  the  frequency  of 
operation,  the  height  of  the  source  above  the  floor,  and  the 
distance  of  the  point  of  observation  from  the  source?  Also, 
we  must  establish  the  magnitude  of  the  maximum  and  minimum 
sound  pressure  level.  This  information  will  enable  the  overall 
space  in  the  facility  to  be  classified  Into  smaller  regions  in 


18 


which  the  sound  pressure  levels  are  uniform,  varying  slowly,  or 
contain  many  maximum  and  minimum  values,  for  example. 

If  we  are  in  the  far  field  it  is  easy  to  calculate  the  spac- 
ing  of  the  interference  pattern.  From  the  geometry  of  Fig,  18-A, 
it  can  be  seen  that  the  pressure  at  point  Y  due  to  a  discrete 
frequency  source  A,  and  its  image  Ik  producing  individual  pres¬ 
sures  fT  (P/ZL)  exp[ jk(ct-Z^) ] ,  ft  (P/Z2 )  exp[jk(ct-Z2)]  where 
P  is  the  RMS  pressure  amplitude  at  unit  distance  from  the  source, 
will  be 


fT  —  exp[  jk(ct-ZL)]  +  fT  —  exp[jk(ct-Z2)]  (9) 

Z1  Z2 

If  we  assume  Zj_,  Z2»x,  so  that  Z]fc=  Z2  (=Z)  ,  the  pressure  will 
be 


~  exp[ jk(ct-Z^)  +  exp[jk(ct-Z2)] 

=  \[T  -  exp [  j k ( c t- Z+xs ina)  ]  +  exp[  jk(ct-Z-xsina)] 

=  ~  exp[jk(ct-Z)]  £exp(jkxsina)+  exp[  jk(-xsina)  ]J 


2-fT  —  exp[  jk(ct-Z)  ]  cos(kxsina) 
Z 


(10) 


Thus  the  RMS  pressure  at  the  point  Y,  distance  h  above  the 
floor,  is 
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Z 


cos  [kx  (sin  a)] 


21  |cos  j££h 

Z  I  Z 


(11) 


Maximum  values  occur  when  kx  sin  a  =  g7r(g  = 
hmax  ~  gXZ/2x.  Minimum  values  occur  when  kx  sin 
°r  hmin  =  (g  +  l/2)\Z/2x. 


0,1, 2, 3),  or 
a  =  (g  +  1/2)t r, 


This  analysis  will  strictly  only  apply  to  the  far  field, 
i.e.,  those  regions  where  (1)  the  pressure  amplitudes  due  to 
each  source  are  equal,  and  where  (2)  DB  -  2*C0<ek,  where  e  is 
a  small  fraction.  This  latter  condition  is  often  overlooked 
but  derivation  of  Eq.  (9)  assumes  DB  =  2 *C0  to  determine  the 
phase  difference  between  P^  and  P2 . 

Figure  18- B  shows  the  sound  field  distribution  plotting 
the  maximum  sound  pressure  levels  in  the  field,  showing  how 
these  lines  appear  straight  in  the  far  field,  and  curve  approach¬ 
ing  the  source.  This  is  plotted  for  the  case  of  x  *  51  and  is 
typical  of  the  distribution  of  these  maxima.  It  may  be  shown 
that  the  locus  of  these  maxima  belong  to  a  set  of  confocal  hyper¬ 
boloids.  In  Ref.  1  the  distribution  was  calculated  in  a  vertical 
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plane  parallel  to  the  source  plane.  Typical  distributions  are 
reproduced  in  Fig.  20  and  show  the  predominance  of  interference 
in  the  vertical  direction. 

In  the  case  of  discrete  frequency  in  the  far  field,  suc¬ 
cessive  maxima  along  any  vertical  will  be  approximately  equal 
and  of  value  twice  the  free  field  pressure  existing  in  the 
region  if  there  were  no  reflector  present.  The  minimum  values 
will  be  zero  resulting  from  complete  cancellation  and  the  inter¬ 
mediate  regions  will  have  a  cosine  amplitude  distribution  as 
is  seen  from  Eq.  (11).  Consequently,  it  is  easy  to  calculate 
the  sound  pressure  level  at  any  point  in  the  facility  or  the 
variation  over  any  volume  region.  Equation  (11)  will  give  a 
good  approximation  in  the  far  field,  but  near  field  determina¬ 
tion  would  require  allowance  to  be  made  for  the  error  in  path 
difference  and  the  difference  in  individual  signal  levels  due 
to  large  variation  in  path  lengths.  These  near  field  calcula¬ 
tions  could  best  be  performed  on  a  digital  computer. 

We  now  consider  the  far  field  case  for  a  noise  band  source 
having  one- third  octave  or  narrower  characteristics.  In  the 
case  of  a  discrete  frequency  signal  the  successive  maximum  and 
successive  minimum  have  constant  values  respectively  because 
the  value  of  the  auto-correlation  coefficient  s  maxima  and 
minima  are  also  equal.  Consequently,  distributions  of  sound 
pressure  levels  shown  in  Fig.  19- B  are  obtained.  The  decreas¬ 
ing  value  of  maxima  and  minima  of  the  correlation  function 
(Fig.  19- A)  produce  an  interference  pattern  in  which  maxima 
and  minima  levels  are  successively  less  pronounced  as  shown 
also  in  Fig.  19-C.  The  auto-correlation  function  for  narrow 
band  noise  (one- third  octave)  is  a  damped  form  of  that  for  a 
discrete  frequency  equal  to  the  center  frequency  of  the  band. 
That  is,  the  positions  of  zero  crossings  and  maxima  and  minima 
are  identical  for  both  discrete  and  narrow  bands  of  noise. 

For  wider  bands  of  noise  this  does  not  hold,  especially 
with  increasing  values  of  r.  Thus  the  positions  of  maximum 
and  minimum  sound  pressure  levels  in  the  RTD  room  under  noise 
band  operation  will  be  identical  with  those  produced  with  a 
discrete  frequency  equal  to  that  of  the  center  frequency  of 
the  noise  band  except  at  the  very  lowest  frequencies  attain¬ 
able.  In  addition,  the  interference  effect  becomes  less  marked 
with  increase  in  path  difference.  If  we  assume  that  the  sirens 
operate  with  an  ideal  50  cycle  pass  band,  the  following  table 
shows  the  value  of  successive  maximum  and  minimum  values  in 
the  interference  field  for  given  frequencies  of  50,  100,  250, 
500,  1000,  and  2500  cps . 

This  shows  clearly  how  the  ratio  of  bandwidth  to  frequency 
2Af/f  affect  .the  interference  pattern.  Decrease  in  this  func¬ 
tion  produces  a  more  persistent  interference  effect. 
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Relative  Sound  Pressure  Levels  of  Successive 
Extrema  of  Interference  Field  (db) 

Freq. 

2Af 

f 

Floor 

Level 

Min 

Max 

Min 

Max 

Min 

Max 

Min 

50 

1 

0  db 

- 

-3 

-  4 

-3 

-  3  1 
3  1 

-3 

3  1 
’  3  1 

100 

.5 

0 

-13 

-1 

^  4 

-3 

-  4 

-2 

_  3  1 

3  1 

250 

.2 

0 

0 

_n  1 

1 

'  2 

'  7  \ 

-  5 

500 

.1 

0 

0 

-17 

0 

-13 

1 

"  2 

-10 

1000 

.05 

0 

£ 

0 

* 

0 

-19 

0 

-16 

2500 

.02 

0 

0 

* 

0 

* 

0 

* 

*Leve 1  is  more  than  20  db  below  reference  level. 


Again,  it  must  be  remarked  that  these  discussions  which 
enable  the  position  and  magnitude  of  the  interference  effect  to 
be  calculated  approximately,  apply  only  to  the  far  field.  Other¬ 
wise  the  services  of  a  computer  will  be  required. 

It  is  important  to  define  the  far  field  region  and  the  sig¬ 
nificance  of  this  regarding  calculations  of  pressure  fields  us¬ 
ing  Eq .  (11).  We  have  said  that  Eq .  (11)  is  valid  only  when  Zi 
and  Z2  are  equal,  so  that  the  magnitudes  of  and  P2  are  equal. 
Assume,  for  example,  a  10  per  cent  difference  exists  between 
and  Z2,  resulting  in  an  associated  pressure  amplitude  difference 
between  Pi  and  P2.  The  use  of  Eq.  (11)  produces  less  than  1/2  db 
error  in  calculating  the  pressure  distribution  if  the  correla¬ 
tion  coefficient  of  the  signal  is  always  greater  than  -0.5.  An 
infinite  error,  on  the  decibel  scale  will  occur  if,  for  example, 
R(t)  =  -1.0,  because  calculation  yields  zero  pressure,  but  the 
actual  pressure,  though  small,  will  be  finite  because  of  the 
difference  in  magnitudes  of  Pi  and  P2.  Consequently,  differ¬ 
ences  as  large  as  10  per  cent  between  Zi  and  Z2  should  not  pro¬ 
duce  significant  errors  in  determining  the  acoustic  field. 

Thus  the  closer  the  source  to  the  floor  the  more  extensive 
will  be  the  region  in  which  a  far  field  assumption  is  valid. 

Also,  (DB-2'CO)  must  be  a  negligible  fraction  of  a  wave¬ 
length,  otherwise  an  error  in  computing  the  phase  difference 
between  Pi  and  P2  results  in  the  evaluation  of  Eq .  (11).  It 
is  obvious  that  higher  frequencies  imply  that  the  far  field 
extends  closer  to  the  source  than  for  lower  frequencies. 


21 


Figure  18-B  shows  in  detail  a  typical  near  and  far  field 
distribution  of  maxima.  The  deviation  of  the  straight  line 
approaching  the  source  illustrates  the  transition  from  far  to 
near  field,  but  it  is  this  deviation  in  fractions  of  a  wave¬ 
length  rather  than  absolute  distance  which  decides  when  a  far 
field  assumption,  used  to  predict  the  interference  field  maxima 
and  minima  positions,  breaks  down.  The  distribution  of  maxima 
(and  minima)  are  hyperbolic  in  nature. 

We  have  now  established  how  the  interference  field  may  be 
determined  to  a  good  approximation  by  consideration  of  far 
field  criteria  and  how  near  field  distributions  could  be  cal¬ 
culated.  These  are  based  upon  the  assumption  of  omni-directional 
point  sources  and  a  perfectly  reflecting  floor  of  infinite  ex¬ 
tent.  Consideration  will  be  given  to  some  practical  aspects 
of  the  interference  field  in  the  RTD  facility. 


FLOOR  REFLECTION 

The  floor  of  the  RTD  facility  may  be  approximated  to  a 
rectangle  of  dimensions  68  x  54  ft  (20.7  x  16.5  m) .  The  siren 
sources  are  mounted  above  one  corner  of  this  rectangle  and  pro¬ 
duce  signals  of  wavelengths  1/4  ft  to  20  ft  (.076  to  6.10  m) , 
corresponding  to  2400  cps  and  50  cps.  We  must  consider  whether, 
in  fact,  the  RTD  floor  can  be  considered  to  represent  an  in¬ 
finite  extent  reflector.  This  problem  can  be  approached  using 
results  of  Contract  AF  33 (65 7 )- 10927  reported  in  Ref.  1. 

If  a  sound  field  is  normally  incident  upon  a  plane  surface 
whose  dimensions  are  large  compared  with  a  wavelength,  then 
pressure-doubling  will  occur,  and  a  6  db  increase  in  sound 
pressure  level  will  occur  because  the  surface  acts  as  a  perfect 
reflector.  This  pressure-doubling  effect  will  not,  however,  be 
apparent  close  to  the  surface  boundaries.  References  1  and  12 
show  that  a  square  surface  may  be  assumed  to  be  a  perfect  re¬ 
flector  when  ka  >  8 .  Thus  2a,  the  side  of  the  square,  must  be 
greater  than  4/k,  i.e.,  2X/3.  Now  the  smallest  RTD  dimension 
54  ft  (16.5  m)  is  nearly  3X  for  the  lowest  frequency  [50  cps s 
20  ft  (6.1  m)].  Consequently,  we  may  consider  the  RTD  floor 
to  represent  a  perfectly  reflecting  floor  for  all  frequencies 
of  interest. 

However,  the  interference  field  very  close  to  the  source 
may  not  be  that  which  is  calculated  close  to  the  edge  of  the 
floor,  because  of  diffraction  effects.  This  arises  because  the 
reflected  wave  forming  the  interference  pattern  arises  near  the 
floor  edge.  This  edge  effect  is  not  likely  to  exist  beyond  a 
fraction  of  the  wavelength  from  the  edge  (we  estimated  X/4). 


22 


FINITE  AMPLITUDE  SIGNALS 


In  this  analysis  we  have  assumed  linearity  of  the  acoustic 
signals.  No  attempt  has  been  made  to  consider  how  the  inter¬ 
ference  distribution  Is  modified  when  the  acoustic  signal  ampli¬ 
tude  is  so  large  as  to  produce  nonlinear  effects.  This  would 
require  a  detailed  knowledge  of  the  characteristics  of  non¬ 
linear  signal  propagation  in  free  space,  and  the  reflection 
characteristics  at  an  infinite  impedance  reflector.  In  par¬ 
ticular,  the  latter  requirement  is  considered  especially  criti¬ 
cal  in  determining  whether  our  analysis  is  valid  for  large 
amplitude  signals.  Ref.  29  shows  that  the  assumption  of  per¬ 
fect  reflection,  resulting  in  pressure  doubling  at  an  infinite 
impedance  reflector,  is  valid  for  incident  signal  levels  up  to 
174  db.  This  offers  encouragement  that  the  interference  dis¬ 
tribution  analysis  will  be  valid  at  the  sound  pressure  levels 
which  will  exist  in  the  RTD  facility. 


SOURCE  DIRECTIONALITY 

An  assumption  commonly  accepted  in  acoustic  problems  is 
that  sound  sources  radiate  omni-directionally.  This  is  seldom 
true  in  practice  and  consequently  consideration  must  always  be 
devoted  to  the  influence  of  the  directionality  of  sources. 

Sound  sources  at  low  frequencies,  i.e.,  where  wavelengths  are 
much  larger  than  source  dimensions,  generally  radiate  sound 
equally  in  all  directions .  At  higher  frequencies ,  sound  tends 
to  propagate  in  a  major  beam  with  minor  side  lobes.  Direction- 
ality  patterns  for  simple  sound  sources  such  as  pistons  in 
baffles,  etc.,  are  commonly  available  (Refs.  8  and  9). 

Less  data  are  available  for  the  directionality  effects  in 
sirens.  However,  Ref.  10  contains  data  for  a  siren  similar  to 
that  to  be  used  in  the  RTD  facility.  These  were  obtained  for 
a  siren  with  and  without  a  horn,  whose  exit  diameter  is  equal 
to  that  proposed  for  the  RTD  facility  (i.e.,  30  ins.,  .76  m) . 
However,  the  siren  was  operated  under  unbaffled  conditions  un¬ 
like  the  intended  RTD  operation. 

The  effect  of  directionality  upon  the  interference  fields 
which  will  exist  in  the  facility  can  be  observed  through  in¬ 
spection  of  Eq.  (5),  where  and  ?2  differ  in  magnitude,  not 
because  of  possible  slight  differences  in  path  lengths,  but 
because  of  directionality  effects.  Only  at  the  floor  position 
will  the  values  of  P^  and  P2  be  always  equal.  The  effect  of 
their  non- equal  values  at  other  locations  will  be  to  change  the 
magnitude  of  the  interference  field,  but  not  positions  of  maxima 
and  minima.  For  example,  in  the  case  of  discrete  frequency 
operation  true  cancellation  would  not  occur  since,  although 
the  two  signals  at  some  point  have  opposite  phase,  their  ampli¬ 
tudes  are  not  equal. 
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MULTIPLE- SOURCE  OPERATION 

The  previous  discussion  has  concerned  the  field  in  the 
facility  produced  by  a  single  source.  Alternative  operating 
conditions  could  include  a  group  of  two  or  more  sirens  oper¬ 
ated  identically,  groups  of  sirens  operating  independently 
(incoherently)  but  at  the  same  frequency,  or  groups  of  sirens 
operated  independently  at  different  frequencies. 

We  will  consider  some  general  characteristics  of  the 
acoustic  fields  obtained  in  these  ways.  If  several  sources 
are  operated  coherently  at  the  same  frequency,  i.e.,  the 
pressure- t ime  history  of  the  signals  of  each  siren  of  the 
group  is  identical,  then  the  interference  field  could  be  com¬ 
puted  from  an  extension  of  Eq.  (1).  If  the  signal  were  dis¬ 
crete  frequency  and  the  sources  were  randomly  selected  with 
separations  of  the  order  of  a  wavelength  or  more ,  one  would 
expect  many  more  locations  of  maxima  and  minima  sound  pres¬ 
sure  levels  then  could  be  obtained  with  a  single  source.  How¬ 
ever,  the  range  between  maxima  and  minima  levels  would.be 
reduced  so  as  to  produce  a  more  uniform  field  over  a  given 
volume  region.  If  their  separation  is  small  compared  with  a 
wavelength,  they  may  be  considered  equivalent  to  a  single 
source  so  that  the  interference  pattern  is  equivalent  to  that 
produced  by  a  single  source.  Some  cases  of  multiple- source 
operation  enable  the  sound  pressure  level  distribution  to  be 
readily  anticipated.  For  example,  two  sources  may  be  oper¬ 
ated  coherently  at  a  discrete  frequency.  Their  relative 
separations  from  the  floor  could  differ  greatly.  For  example, 
a  siren  at  the  top  of  the  bank  is  approximately  five  times  as 
far  from  the  floor  as  a  siren  at  the  bottom  of  the  bank.  Both 
sources  will  produce  interference  distributions  which  will  be 
superimposed.  However,  the  spatial  separation  of  interference 
extrema  will  occur  in  the  ratio  of  1:5.  Consequently,  the 
overall  distribution  will  resemble  that  shown  in  Fig.  19-D. 

If  the  signal  is  a  noise  band  and  again  the  group  is  oper¬ 
ated  coherently,  the  same  observation  will  hold. 

If  the  sources  are  operated  independently,  either  at  the 
same  or  at  different  frequencies,  then  it  is  sufficient  to  com¬ 
pute  the  individual  field  associated  with  each  source  by  means 
of  Eq.  (5)  and  the  overall  field  can  be  derived  by  energy 
addition  of  individual  fields  by  summation  of  the  first  terms 
in  Eq  .  (  1 )  , 

Figures  18  and  19  illustrate  the  interference  effect  of 
a  single  source  and  its  image  in  a  vertical  direction.  Inter¬ 
ference  can  be  obtained  in  horizontal  directions  when  two  or 
more  sourcest  are  operated  coherently  and  these  sources  do  not 
lie  in  the  same  vertical  line.  Experimental  evidence  of  this 
is  shown  in  Fig.  17.  Analysis  of  this  problem  is  identical 
with  that  of  a  single  source  and  its  image. 
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SOUND  PRESSURE  LEVELS 


The  above  analysis  enables  the  relative  interference 
characteristics  of  fields  to  be  determined.  The  absolute 
sound  pressure  level  of  the  field  can  be  estimated  from  estim¬ 
ated  power  consideration.  Each  siren  is  capable  of  producing 
40,000  watts  of  acoustic  power.  If  we  assume  this  to  be  radi¬ 
ated  equally  in  all  directions,  the  sound  pressure  level  at 
any  distance  "x"  ft  (m)  from  the  source  will  be 

SPL  =  10  log10  ^1-°^3  (12) 

4ttx 

At  full  power,  W  =  4  x  10^  watts,  so  the  sound  pressure  level 
at  distance  x  in  ft  is  given  by 

SPL  =  165  -  20  log10  x 

x  in  m  is  given  by 


SPL  =  155  -  20  log1Q  x 

The  following  table  gives  an  indication  of  the  free  field  sound 
pressure  level  at  several  distances  from  the  source. 

Distance  1  ft  (.3  m)  10  ft  (3  m)  100  ft  (30.5  m) 

SPL  re  2  x  10" 5  N/m2  165  db  145  db  125  db 

These  sound  pressure  levels  would  be  obtained  if  the  total 
available  power  of  40,000  watts  was  radiated  spherically  in  an 
anechoic  environment.  However,  the  output  of  a  sound  source 
can  be  influenced  by  its  proximity  to  reflecting  surfaces 
(Ref.  11). 

The  effect  is  noted  both  in  total  power  output  and  direc¬ 
tivity  and  is  caused  by  the  sound  reflected  from  a  surface 
reacting  back  on  the  source.  The  effect  can  be  observed  either 
to  increase  or  decrease  the  power  output  of  the  source  relative 
to  the  free  field  output.  The  effects  are  prominent  only  when 
the  source  is  closer  to  the  reflecting  surface  than  a  half  wave¬ 
length.  With  the  addition  of  further  reflecting  surfaces  in 
different  planes,  for  example,  a  room  corner,  the  effects  are 
more  dramatic.  In  this  case,  a  source  located  in  the  corner 
will  radiate  eight  times  more  power  than  under  free  field  con¬ 
ditions  but  located  equally  distant  from  all  surfaces,  one 
half  wavelength  from  the  corner,  the  power  output  reduces  to 
nearly  zero. 
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In  the  case  of  the  RTD  facility,  the  reflecting  surfaces 
comprise  the  baffle  in  which  the  sirens  are  located  and  the 
reflecting  floor.  All  other  surfaces  may  be  considered  totally 
absorbing  in  the  semi-anechoic  case.  Analysis  of  this  actual 
situation  is  beyond  the  scope  of  this  program.  However,  we 
may  assume  that  the  major  effect  will  be  produced  by  the  reflect¬ 
ing  floor,  and  if  we  further  assume  this  floor  is  of  infinite 
extent,  Ref.  11  shows  the  following: 

1.  If  the  source  is  less  than  X/4  from  the  floor,  the 
power  output  is  increased  over  the  free  field  value, 
having  a  maximum  twice  the  free  field  value  when  the 
source  is  located  in  the  floor  plane. 

2.  If  the  source  is  located  between  X/4  and  x/2  away  from 
the  floor,  a  decrease  in  power  output  is  observed. 

The  minimum  value  in  this  region  is  approximately  0.8 
the  free  field  value. 

3.  At  greater  distances  the  effect  becomes  successively 
less  pronounced. 


CONCLUSION 


The  semi-anechoic  environment  has  been  analyzed  to  deter¬ 
mine  the  nature  of  the  interference  field.  An  analysis  is  pre¬ 
sented  which  enables  the  pressure  and  phase  characteristics  to 
be  determined  at  any  location  in  the  RTD  facility. 


1.  In  general,  using  single  sources,  an  interference 
field  exists  in  the  vertical  direction,  always  with 
maximum  levels  obtained  at  floor  level.  The  inter¬ 
ference  pattern  decays  with  separation  from  the  floor 
when  a  noise  band  source  is  used .  The  decay  is  more 
rapid  the  larger  the  ratio  of  bandwidth  to  frequency. 

2.  In  general,  positions  of  maximum  and  minimum  sound 
pressure  level  are  given  by 


max 


fiXZ 

2x 


Xnln 


(E  +  l/2)XZ 

2x 


3.  Multiple  coherent  sources  produce  fields  which  must 
be  computed  by  extension  of  principles  outlined  for 
single  sources. 
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4.  Multiple  incoherent  sources  produce  an  interference 
field  which  is  computed  by  energy  addition  of  in¬ 
dividual  fields  alone. 

5.  Sound  fields  cannot  be  computed  unless  power  and 
directivity  of  sources,  spectral  content,  and  floor 
reflectivity  are  known.  This  must  be  determined  in 
situ. 
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SECTION  VI 


EXPERIMENTAL  INVESTIGATION  OF  REVERBERANT 
AND  SEMI- REVERBERANT  ENVIRONMENTS 


The  characteristics  of  acoustic  fields  in  rooms  possess¬ 
ing  reverberant  qualities  have  been  the  subject  of  many  acous¬ 
tical  studies  (Refs.  13  to  17).  The  testing  of  sound- absorbing 
materials,  the  determination  of  sound  power  outputs  of  sources 
in  reverberation  rooms,  and  the  successful  design  in  architec¬ 
tural  acoustics,  all  require  a  knowledge  of  acoustic  environ¬ 
ments  in  reverberant  or  semi- reverberant  rooms.  Analysis  of 
sound  fields  has  concentrated  on  reverberant  rooms  in  which  a 
diffuse  field  is  assumed  to  exist,  i.e.,  sound  waves  arrive 
at  any  point  from  any  direction  with  equal  probability  and 
are  equal  in  amplitude  and  random  in  phase.  Statistical  ap¬ 
proaches  enable  the  sound  field  to  be  described  at  any  distance 
r  from  a  sound  source  in  such  a  room  by 


(13) 


This  states  that  the  sound  power  level  decreases  accord¬ 
ing  to  the  inverse  square  law  moving  away  from  a  sound  source 
and  at  sufficiently  removed  distances  becomes  uniform.  A  dis¬ 
tance  r'  has  been  defined  as  being  the  distance  from  the  source 
at  which  the  direct  field  is  equal  in  magnitude  to  the  diffuse 
field.  Thus 


,  I  — 


K\ 


\  1/2 
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The  room  constant  P  is  determined  by  the  average  absorp¬ 
tion  of  the  room.  When  only  room  boundaries  determine  the 
absorption 


and 


a 


-  —  -  ft2  (m2) 

(1  -  a) 


a^S-^  •  •  • 


Si  +  S2 


(15) 

(16) 


Air  absorption  effects  require  that  this  absorption  coefficient 
be  modified  to  the  form 


a 


(17) 


where  m  is  an  energy  attenuation  constant. 
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The  reverberation  time  of  a  reverberant  room  has  been 
determined  to  be  given  by 


T 


T 


■  049V 

Sa 

■  161V 

pa 


Sec  (English  units) 


Sec  (Metric  units) 


(18) 


This  equation,  valid  only  for  small  values  of  a  (0.2  or  less) 
can  only  be  used  when  the  acoustic  treatment  in  the  RTD  facility 
is  fully  collapsed. 

Equations  (13)  through  (18)  are  those  typically  used  to 
describe  the  sound  environment  in  reverberant  rooms.  However 
their  validity  is  questionable  when  diffuse  field  conditions 
do  not  exist  in  a  room.  For  example,  it  has  been  observed 
that  when  certain  room  surfaces  have  markedly  different  absorb- 
lng  properties  from  other  surfaces,  reverberation  time  deter¬ 
minations  do  not  agree  with  predicted  values  (Ref.  18).  It 
is  also  observed  that  the  sound  pressure  level  distribution  as 
described  by  Eq .  (13)  is  also  found  not  to  hold  (Ref.  19). 

In  summary,  acoustic  environments  in  reverberation  rooms 
can  be  described  in  general  terms  by  Eqs .  (13)  through  (18), 
but  in  rooms  for  which  the  diffuse  field  assumption  is  signifi¬ 
cantly  erroneous  these  equations  will  be  invalid.  Such  rooms 
possessing  both  large  reflecting  and  absorbing  surfaces  may 
be  termed  semi- reverberant . 

This _ is j  in  fact,  the  situation  that  will  exist  in  the 
RTD  facility  operated  in  a  manner  to  obtain  high  sound  pres¬ 
sure  level  diffuse  fields. 

There  are  three  possible  ways  of  operating  the  facility 
to  obtain  high  level  fields: 

1.  The  wall  treatment  is  collapsed  and  the  ceiling  treat¬ 
ment  remains  in  location. 

2.  The  wall  treatment  is  collapsed  but  the  ceiling  treat¬ 
ment  is  removed  from  the  facility. 

3.  the  wall  and  ceiling  treatment  are  removed  from 
the  facility,  leaving  it  devoid  of  acoustic  treatment* 

Our  study  has  attempted  to  discover  the  acoustic  environ¬ 
ments  that  will  exist  under  all  three  methods  of  operation, 
with  emphasis  on  (1)  and  (2).  The  removal  of  all  the  acoustic 
treatment  is  not  practical  and  consequently  completely  rever¬ 
berant  operation  is  not  anticipated. 
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Because  current  theory  does  not  enable  the  acoustic 
environments  under  semi- reverberant  operation  to  be  deter¬ 
mined,  we  have  pursued  an  experimental  program  supported 
where  possible  by  analytical  studies. 

Our  initial  experimental  study  was  performed  in  IITRI's 
reverberation  room  devoid  of  any  acoustical  treatment,  while 
this  does  not  represent  the  RTD  facility  operation  under  _ 
anticipated  operational  conditions ,  it  was  cons idered  des ir- 
able  to  explore  the  sound  environment  under  completely  rever¬ 
berant  conditions.  The  reason  for  this  was  that  the  possession 
of  this  data  will  enable  comparison  to  be  made  with  the  environ¬ 
ment  obtained  under  semi- reverberant  operating  conditions, 
will  provide  a  criteria  by  which  environments  may  be  judge 
and  if  attempts  are  made  to  improve  semi- reverberant  environ¬ 
ments,  e.g.,  improve  diffuseness  characteristics,  or  increase 
diffuse  sound  pressure  level,  it  will  serve  as  a  goal.  The 
semi- reverberant  studies  were  conducted  under  two  operating  _ 
conditions.  In  one  situation  an  absorbing  treatment  was  applied 
to  the  ceiling  of  the  reverberation  room  and  in ^ the  second 
situation  this  was  removed  and  replaced  by  a  ceiling  perimeter 
treatment.  These  treatments  are  described  in  Section  III. 
Additional  information  is  contained  in  Appendix  B. 

The  environments  were  investigated  by  determining  revet  - 
beration  times,  spatial  distribution  of  sound  pressure  level, 
and  cross- correlation  properties.  The  use  of  reflectors  and 
partial  enclosures  to  improve  semi- reverberant  environments 
was  investigated.  The  characteristics  ot  sound  fields  on  sim¬ 
ple  structures  exposed  to  acoustic  energy  in  reverberant  and 
semi- reverberant  rooms  were  also  investigated. 


REVERBERATION  TIME 

Reverberation  time  measurements  were  made  for  three  con¬ 
ditions  of  operation  of  IITRI’s  reverberation  room.  Under 
fully  reverberant  operation  these  were  obtained  at  three 
different  stations  in  the  center  region  of  the  room  well  away 
from  reflecting  wall  surfaces.  At  each  station  four  decay  . 
curves  were  obtained  for  each  frequency  of  interest  and  their 
average  decay  rates  determined.  Figure  22- A  shows  the  average 
of  the  reverberation  times  measured  at  these  three  locations, 
together  with  the  spread  of  this  data.  Under  the  two  semi- 
reverberant  operating  conditions,  the  reverberation  times  were 
determined  at  four  stations.  Two  stations  were  1  ft  (0.3  m) 
above  floor  level,  one  in  the  center  of  the  room  and  the  other 
in  a  corner  of  the  room.  The  other  two  stations  were  located 
in  the  upper  region  of  the  room  in  order  that  the  effects 
caused  by  the  proximity  of  the  absorbing  treatment  could  be 
observed.  They  were  7  ft  (2.1  m)  above  the  floor,  one  at  the 
center  of  the  room  and  the  other  near  a  wa  1 1 .  These  four 
positions  are  shown  in  Fig.  3.  Several  decay  curves  were 
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obtained  at  each  station  and  their  average  determined.  Because 
of  the  wider  variations  in  reverberation  time  between  these 
stations,  the  data  for  each  individual  station  is  shown  in 
Figs.  22- B  and  22-C,  for  both  methods  of  semi- reverberant 
operation.  The  average  reverberation  times  for  each  method 
of  semi- reverberant  operation  are  compared  to  those  for  fully 
reverberant  operation  in  Fig.  22-A. 

The  perimeter  treatment  has  a  surface  area  of  300  sq.  ft. 
(27.9  m4)  and  was  scaled  from  the  computed  surface  area  of  the 
collapsed  curtains  in  the  RTD  facility  (approximately  3721  sq. 
ft.,  346  m^).  The  ceiling  treatment  alone  has  an  exposed  sur¬ 
face  area  220  sq.  ft.  (20.6  m^),  (Appendix  B  contains  calcu- 
lated  values  of  the  area,  volume,  etc.,  of  the  two  facilities.) 

If  we  assume  Eq .  (18)  is  valid  under  these  semi- reverberant 
conditions,  the  ratio  of  reverberation  times  with  perimeter  and 
ceiling  treatment  should  be  inversely  proportional  to  the  ratio 
of  total  sound  absorptions  in  the  room  under  both  modes  of 
operation,  assuming  a  constant  room  volume.  Since  the  treat¬ 
ments  are  formed  from  identical  acoustic  material,  the  rever¬ 
beration  times  should  be  in  the  ratio  220:300  or  1:1.36.  It 
can  be  seen  from  Fig.  22-A  that  the  reverberation  times  are 
approximately  in  this  ratio. 

No  reverberation  times  were  determined  using  both  treat¬ 
ments  simultaneously.  The  RTD  facility  contains  a  total  ex¬ 
posed  treatment  surface  area  of  approximately  4440  sq.  ft. 

(413  mz)  when  the  ceiling  is  present  and  the  wall  treatment 
is  collapsed.  This  would  scale  to  an  area  of  360  sq.  ft. 

(33.4  m  ).  Consequently,  we  would  anticipate  reverberation 
times  approximately  0.83  of  those  determined  for  the  perimeter 
treatment  alone.  This  is  shown  dotted  in  Fig.  22-A. 

From  the  reverberation  time  measurements  we  can  calculate 
the  effective  value  of  the  room  constant  from  Eq.  (18).  The 
following  table  gives  calculated  values  as  well  as  values  cal¬ 
culated  using  Eq.  (15).  The  reverberation  times  used  are 
those  obtained  at  500  cps,  the  lowest  frequency  for  which  the 
absorption  coefficient  of  the  treatment  is  approximately  unity 
(see  Fig.  2)  and  for  which  air  absorption  is  negligible. 

Values  of  the  room  parameters  used  in  these  calculations  are 
given  in  Appendix  B. 


Rev.  Time 
(secs) 


Ceiling  Treatment 

0.88 

Perimeter  Treatment 

0.61 

Combined  Ceiling 
and  Perimeter 

0.51 

3,  from  3,  from 

Eq.  (18)  Eq ,  ( 15 )  Ratio  Mean 


198 

267 

.74 

238 

ft2 

314 

381 

00 

fO 

348 

ft2 

354 

599 

.59 

477 

ft2 

31 


It  can  be  seen  that  the  effective  room  constants  are  much  lower 
than  their  calculated  values:  approximately  0.59  —>0.82  times 
the  value.  This  is  in  accordance  with  their  location,  which 
does  not  enable  diffuse  field  theory  to  apply. 

However,  it  is  questionable  which  value  of  room  constant 
should  be  used  if  it  is  necessary  to  calculate  the  diffuse 
field  level  for  a  given  acoustic  input  power.  Inspection  of 
Eq.  (13)  shows  that  the  values  obtained  using  either  value 
would  agree  to  within  2  db,  so  the  question  is  only  of  academic 
interest.  Using  the  average  of  these  two  alternative  values 
for  0  and  scaling  this  up  to  a  value  for  the  RTD  facility  opera¬ 
tion,  the  value  for  0  for  (a)  collapsed  wall  and  ceiling  treat¬ 
ment,  and  (b)  collapsed  wall  treatment  alone  are  5850  and  4260 
ft2  (.545  m2  and  396  m2)  respectively.  (This  latter  value  may 
be  compared  to  the  value  estimated  in  Ref.  1  of  5030^ ft 
(468  m2).)  Inspection  of  Eq.  (13),  shows  that  the  diffuse 
sound  pressure  level  in  the  facility  with  collapsed  wall  and 
ceiling  treatment  is  only  1-1/2  db  lower  than  the  level  with 
the  collapsed  wall  treatment  alone,  suggesting  there  is  little 
to  be  gained  by  its  removal. 


SPATIAL  DISTRIBUTION  OF  SOUND  PRESSURE  LEVEL 

No  attempt  was  made  to  determine  in  detail  the  sound  pres¬ 
sure  field  over  the  whole  volume  of  the  reverberation  room 
operated  either  semi-  or  totally  reverberant.  Instead,  the 
distribution  was  determined  along  selected  axes  in  the  room. 

These  axes  are  shown  in  Fig.  23.  They  represent  a  floor  diagonal 
passing  through  the  corner  of  the  room  containing  the  sound 
source,  a  vertical  axis  originating  from  the  floor  diagonal 
at  a  point  well  removed  from  the  sound  source,  and  an  axis  pass¬ 
ing  through  the  sound  source  corner  of  the  room  inclined  at 
approximately  38°  to  the  floor.  It  was  considered  that  the 
distribution  of  sound  pressure  levels  along  these  axes  would 
be  sufficient  to  enable  the  extent  of  the  direct  field  to  be 
established  and  allow  reflecting  floor  and  wall  and  absorbing 
ceiling  effects  to  be  determined. 

Figures  24,  25,  and  26  show  the  spatial  sound  pressure 
level  distribution  for  both  the  room  containing  the  perimeter 
treatment  and  the  room  devoid  of  all  treatment.  Equal  power 
inputs  were  used  in  both  cases.  It  can  be  seen  that  the  bare 
room  exhibits  normal  characteristics,  i.e.,  initially  an  in- 
verse  square  power  loss  merging  rapidly  into  a  uniform  diffuse 
field. 

The  room  with  perimeter  treatment  produces  a  less  rapid 
transformation  to  uniform  levels.  The  distribution  along  the 
inclined  traverse  shows  a  continuous  decrease  in  sound  pres¬ 
sure  level,  which  indicates  the  absorbing  effect  of  the  treat¬ 
ment  at  the  ceiling  perimeter.  The  dashed  line  superimposed 
in  Fig.  25  is  an  inverse  square  law  curve  and  it  is  seen  that 
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the  experimental  data  fits  this  very  well.  This  is  substanti¬ 
ated  by  the  vertical  distributions  whose  level  decreases  towards 
the  ceiling. 

Similar  results  are  obtained  when  the  ceiling  treatment 
is  installed  in  the  reverberation  room.  Figures  27  and  28  com¬ 
pare  distributions  under  these  conditions  to  those  when  the 
treatment  was  removed.  Equal  power  input  conditions  were  not 
maintained  so  the  ordinate  of  the  graph  is  an  arbitrary  decibel 
scale . 

It  is  difficult  to  establish  an  average  difference  between 
sound  pressure  levels  in  the  diffuse  field  between  reverberant 
and  semi- reverberant  operation,  because  no  truly  uniform  region 
exists  under  the  latter  conditions.  However,  if  we  confine 
observations  to  the  region  close  to  the  floor,  the  following 
are  average  values  for  the  case  of  the  perimeter  treatment. 


Difference  in  Diffuse 


Field  Level  (in  db) 

8 

6 

4 

2-1/2 

4 
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Calculated 

Difference  (in  db) 

8-1/2 

7 

6-3/4 

4-1/4 

3 

Also  shown  are  values  calculated  from  knowledge  of  room 
constant  values  determined  by  the  reverberation  time.  Agree¬ 
ment  is  seen  to  be  very  good. 


CROSS- CORRELATION  COEFFICIENTS 

Information  on  the  phase  characteristics  of  sound  fields 
under  reverberant  and  semi- reverberant  conditions  was  obtained 
by  determining  cross- correlation  coefficients  in  these  fields. 

Generally,  these  were  determined  in  selected  regions  of 
the  reverberation  room.  These  regions  were  all  chosen  to  be 
at  large  distances  from  the  sound  source  located  in  a  room 
corner.  The  closest  region  of  investigation  to  the  source 
was  the  center  region  of  the  room.  This  criteria  was  adopted 
to  ensure  that  it  was  the  diffuse  field  region  of  the  room 
being  investigated. 

Under  fully  reverberant  operation,  correlation  measure¬ 
ments  were  made  along  the  floor  of  the  facility  in  a  vertical 
direction  from  floor  level  and  in  the  center  region  of  the 
facility.  The  actual  location  of  these  regions  is  shown  in 
Fig.  3.  The  cross- correlation  coefficients  determined  in 
these  regions  are  shown  in  Fig.  29  for  the  five  frequency  bands 
of  interest. 
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With  the  ceiling  treatment  installed  in  the  facility,  the 
correlation  measurements  were  made  horizontally  2  ft  above  the 
floor  of  the  facility,  and  in  the  center  region  of  the  facility 
in  both  a  vertical  and  a  horizontal  direction.  These  cross¬ 
correlation  determinations  are  shown  in  Fig.  30. 

With  this  acoustic  treatment  removed  and  replaced  by  the 
perimeter  treatment,  correlation  determinations  were  made 
horizontally  2  ft  (.61  m)  above  the  floor  and  both  vertically 
and  horizontally  in  the  center  region  of  the  room.  These  cross¬ 
correlation  determinations  are  shown  in  Figs.  31  and  32. 

It  must  be  remarked  that  the  data  shown  are  only  repre¬ 
sentative  of  typical  cross- correlation  coefficients  for  the 
respective  operating  conditions  in  the  facility.  Variations 
were  observed  in  the  correlation  functions  depending  on  the 
chosen  reference  position.  These  variations  were  most  prominent 
in  the  case  of  the  perimeter  treatment. 

The  correlation  measurements  in  the  fully  reverberant 
room  illustrate  that  the  environment  is  sufficiently  diffuse 
since  the  form  of  the  correlograms  is  adequately  represented 
by  (sin  kx)/kx  as  suggested  in  Ref.  14.  This  curve  is  super¬ 
imposed  in  Fig.  29- A  only  and  shows  excellent  agreement  with 
the  experimental  curve  obtained  at  the  room's  center,  away 
from  reflecting  surfaces. 

The  correlation  functions  determined  when  the  ceiling 
treatment  is  installed  are  not  unlike  those  produced  under 
reverberant  conditions,  except  in  cases  of  the  vertical  deter¬ 
mination.  These  correlograms  are  found  to  have  a  much  longer 
spatial  periodicity.  This  is  equivalent  to  a  greater  degree 
of  phase  preservation  in  vertical  directions.  This  suggests 
that  the  majority  of  sound  energy  is  traveling  in  horizontal 
directions,  because  of  the  acoustic  treatment  on  the  ceiling, 
and  so  the  vertical  correlation  measurements  tend  to  be  made 
parallel  to  wavefronts.  A  similar  effect  is  noted  with  the 
perimeter  treatment  installed  in  the  facility. 


MODIFICATION  OF  ENVIRONMENT 

When  the  facility  is  operated  under  semi- reverberant  con¬ 
ditions,  the  sound  pressure  levels  in,  and  the  extent  of,  the 
diffuse  field  are  reduced  from  the  values  obtained  under  rever¬ 
berant  conditions.  A  short  experimental  study  was  conducted 
to  investigate  the  possibility  of  improving  the  acoustic  en¬ 
vironment  in  the  facility,  assuming  that  the  absorbing  treat¬ 
ment  cannot  be  removed  from  its  location.  For  this  study  we 
operated  our  facility  using  the  ceiling  treatment. 

Initial  experiments  were  conducted  placing  two  6  x  4  ft 
(1.8  x  1.2  m)  reflecting  panels  in  the  central  portion  of  the 
room.  They  were  both  inclined  at  45°  to  the  floor  so  as  to 
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form  the  opposite  two  sides  of  an  inverted  pyramid.  The  objec¬ 
tive  was  to  reflect  away  from  the  ceiling  sound  that  would 
otherwise  be  absorbed  by  the  acoustic  treatment.  However, 
reverberation  times  were,  on  the  average,  decreased  by  0.1  — 

0.3  seconds  over  the  frequency  range  of  interest,  implying 
that  the  reverse  effect  was  achieved.  The  failure  of  the 
reflectors  to  reduce  absorption  was  not  unexpected,  because 
a  reflector  which  reflects  vertically  traveling  energy  into 
horizontal  directions  will  likewise  perform  the  reverse  func¬ 
tion  on  its  rear  reflecting  surface.  The  only  ultimate  solu¬ 
tion  to  the  problem  would  be  to  locate  reflectors  immediately 
at  the  surface  of  the  acoustic  treatment.  We  were  unfortunate¬ 
ly  unable  to  pursue  this  investigation. 

Seeking  alternative  means  of  overcoming  the  disadvantages 
of  a  permanently  located  absorbing  treatment,  the  following 
approach  was  taken.  In  many  instances,  high  sound  pressure 
levels  may  be  required  in  volume  regions  much  smaller  than  the 
overall  size  of  the  facility.  Consequently,  we  have  investi¬ 
gated  the  possibility  of  enclosing  a  small  region  close  to  the 
sound  sources  using  movable  plane  reflectors,  attemptin'  to 
produce  a  relatively  diffuse  field  of  high  sound  pressure  level 
in  a  small  volume.  A  rhomboidal  plan  was  adopted  for  this 
volume,  having  dimensions  shown  in  Fig.  33  with  a  uniform  height 
of  4  ft  (1.2  m) .  Figure  34  shows  the  spatial  pressure  distri¬ 
bution  measured  along  a  line  inclined  at  38°  to  the  floor. 

The  effects  ot  a  standing  wave  system  can  be  observed  at  the 
two  lowest  frequencies  but  the  extent  of  the  direct  field  at 
all  frequencies,  shown  below,  is  less  than  that  experienced 
when  this  enclosure  is  removed. 


equency 

Ops) 

Extent  of 
Direct  Field 
(ft) 

Extent  of 
Direct  Field 
(m) 

200 

1-1/2 

.45 

500 

1  to  1-1/2 

.30  to  .45 

1250 

1/2 

.15 

3150 

1 

.30 

8000 

1/2 

.  15 

This  suggests  that  the  diffuse  field  levels  in  this  enclo¬ 
sure  will  be  higher  than  those  in  the  room  when  the  enclosure 
is  removed.  At  a  representative  station  X,  in  the  enclosure, 
shown  in  Fig.  33,  it  was  established  that  sound  pressure  levels 
were  obtained  which  were  greater  than  those  measured  at  that 
point  in  the  absence  of  the  enclosure.  The  differences,  shown 
below,  range  from  3-1/2  to  9-1/2  db. 
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Sound  Pressure  Levels 
Using  Enclosure  (db) 

Sound  Pressure  Levels 
Enclosure  Removed  (db) 

Frequency 

(cps)  Station  X 

Station  Y 

Station  X 

Station  Y 

200 

109.0 

93.5 

102.5 

95.5 

500 

106.5 

87.5 

98.5 

91.5 

1250 

113.5 

95.5 

104.0 

96.5 

3150 

92.5 

73.0 

89.0 

77.5 

8000 

80.5 

57.0 

76.5 

63.5 

These  are  significant  increases  in  level  in  spite  of  the 
considerable  amount  of  energy  which  was  transmitted  through 
the  1/2  in.  (13  mm)  plywood  enclosure  walls  into  the  outer 
reverberation  room.  At  a  typical  station  Y,  in  the  outer  room 
the  sound  pressure  level  decreased  by  only  1  — ^  6-1/2  db  when 
the  plywood  enclosure  surrounded  the  sound  source,  implying 
that  there  was  a  considerable  leakage  of  energy  into  the  outer 
room. 


In  the  RTD  facility  such  a  proposed  structure  could  not 
be  completely  contained,  because  the  gas  exhaust  from  the 
sirens  must  be  removed  from  the  enclosure.  Consequently,  the 
effect  of  displacing  one  wall  so  as  to  produce  a  slit  opening 
between  two  adjacent  walls  through  which  sound  (and  air  flow) 
could  leak  was  investigated.  An  opening  0.25  x  4  ft  (.076 
x  1.2  m)  produced  less  than  1-1/2  db  drop  in  sound  pressure 
level  at  a  representative  point  X,  in  the  interior  of  the 
enclosure  over  the  frequency  range  200  cps  to  8000  cps  and  an 
opening  of  1x4  ft  (.3  x  1.2  m)  produced  less  than  a  3  db 
drop  in  level. 

These  experiments  suggest  that  it  would  be  feasible  to 
enclose  a  small  volume  close  to  the  siren  system,  using  mov¬ 
able  plane  reflectors,  to  produce  higher  sound  pressure  levels 
than  would  otherwise  exist  in  the  facility  if  the  collapsed 
acoustic  treatment  were  exposed. 


CONCLUSIONS 

Experimental  studies  have  revealed  the  spatial  sound  pres 
sure  level  and  phase  distribution  in  the  model  facility  of  the 
RTD  facility  operated  under  semi- reverberant  conditions. 

1.  It  is  found  that  there  is  a  gradual  merging  of  the 
direct  field  into  the  diffuse  field,  which  does  not 
enable  the  extent  of  these  fields  to  be  determined 
with  certainty.  This  is  caused  by  the  large  degree 
of  absorption  provided  by  the  ceiling  treatment. 
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2.  This  treatment  is  shown  to  produce  pronounced  phase 
preservation  in  vertical  directions  but  not  in 
horizontal  directions.  Phase  characteristics  in 
horizontal  direction  are  approximately  equal  to 
those  obtained  under  fully  reverberant  conditions. 

3.  The  room  constants  determined  experimentally  are 
shown  to  be  approximately  0.6  — ^0.8  the  calculated 
values.  This  will  not,  however,  produce  significant 
error  in  the  determination  of  sound  pressure  levels 
in  the  facility. 

4.  A  small  enclosure  located  near  the  source  system  was 
shown  to  produce  more  intense  levels  in  this  region 
(up  to  10  db) . 
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SECTION  VII 


SOUND  FIELDS  ON  STRUCTURES  IN  A  SEMI- ANECHOIC  ENVIRONMENT 


A  mode  of  operation  (called  semi-anechoic  case)  of  the 
RTD  sonic  fatigue  facility  will  occur  when  the  absorbing  treat¬ 
ment  in  the  facility  covers  the  ceiling  and  the  walls  while 
leaving  the  floor  reflecting.  In  Sections  IV  and  V  the  results 
of  the  experimental  model  studies  and  a  theoretical  prediction 
and  discussion  of  these  results  for  the  prediction  of  the  in¬ 
cident  sound  pressure  field  in  the  semi-anechoic  mode,  were 
examined.  The  purpose  of  this  section  is  to  attempt  to  deter¬ 
mine  the  sound  field  on  a  simple  structure  when  the  interfer¬ 
ence  field  into  which  the  structure  will  be  placed  is  known. 

One  may  attempt  to  look  at  the  problem  theoretically. 
Reduced  to  its  simplest  elements,  the  problem  is:  "Knowing 
the  solution  to  a  problem  for  a  certain  set  of  boundary  con¬ 
ditions,  what  is  the  relation  of  this  solution  to  the  solution 
obtained  if  one  or  more  conditions  are  additionally  imposed?" 
For  the  case  of  the  RTD  facility,  this  is  equivalent  to  the 
question:  "Knowing  the  incident  acoustic  interference  field, 

what  relation  does  this  have  to  the  field  on  a  structure  sub¬ 
sequently  introduced  into  this  field?"  At  the  present  time 
this  is  a  complex,  unsolved  problem  except  in  a  relatively 
small  number  of  specialized  cases,  for  example,  the  case  of 
diffraction  of  a  progressive  plane  wave  field  at  a  plate 
(Refs.  1  and  12). 

For  this  reason,  the  attack  on  the  problem  of  sound  fields 
on  structures  in  a  semi-anechoic  environment  was  undertaken 
from  a  primarily  experimental  approach.  Because  of  the  large 
number  of  attainable  interference  fields  and  the  infinite  num¬ 
ber  of  simple  structures  and  possible  positions  in  these  inter¬ 
ference  fields,  it  was  practical  only  to  attempt  a  limited 
number  of  experiments  on  the  simplest  of  structures,  the  flat 
panel.  The  results  of  these  experiments  were  used  to  draw 
very  general  conclusions  about  the  characteristics  of  sound 
fields  on  structures,  relative  to  the  characteristics  of  the 
incident  field.  To  further  reduce  the  complexity  of  the  situa¬ 
tion,  only  single  source  excitation  was  used. 

First,  one  may  consider  the  case  of  a  small  panel  in  an 
interference  field,  the  plane  of  the  panel  being  parallel  to 
the  plane  of  the  source.  The  panel  may  be  in  an  interference 
maximum  or  minimum,  or  somewhere  in  between.  Figure  35  shows 
the  sound  pressure  level  contours  on  a  2  f t  ( . 6  m)  square  panel 
with  its  center  (a)  in  an  interference  maximum  and  (b)  in  an 
interference  minimum.  Those  contours  for  surfaces  in  an  inter¬ 
ference  minimum  are  relatively  more  complex  in  shape  than 
those  in  a  maximum  and  there  is  usually  a  greater  range  of 
levels  for  the  contours  in  the  minimum.  (It  will  be  seen  that 
the  statements  in  the  last  sentence  are  true  in  general  for 
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all  orientations  of  the  plate.)  Figure  35  also  shows  the 
general  fact  that  the  contours  on  the  back  of  the  plate  bear 
little  resemblance,  in  regard  to  shape,  to  those  on  the  front 
of  the  plate,  even  though  the  range  of  pressure  levels  are 
the  same. 

The  form  of  the  sound  pressure  level  contours  is  due  to 
a  combination  of  sound  pressure  levels  of  the  incident  inter¬ 
ference  field  and  the  diffraction  field  on  the  panel.  For 
the  case  in  Fig.  35,  with  a  ka  value  of  3,  the  diffracted 
field  for  a  plane  wave  on  the  panel  would  have  the  form  of  a 
broad  single  peak  hump  of  maximum  level  9  db  above  the  incident 
level.  When  the  panel  is  in  an  interference  maximum,  the  por¬ 
tion  of  interference  field  the  panel  sees  is  almost  uniform  in 
level.  Thus  the  combined  field  on  the  panel  would  be  expected 
to  be  a  single  peaked  hump.  When  the  center  of  the  panel  is 
in  a  minimum,  the  interference  field  is  one  producing  high 
levels  on  the  outer  portion  of  the  panel  and  low  levels  at  the 
center.  This  combination  of  the  incident  and  diffracted  fields 
might  be  expected  to  produce  a  distribution  similar  to  the 
combined  individual  distributions  (added  algebraically  on  a 
db  scale).  These  predictions  are  verified,  as  illustrated  in 
Fig.  35. 


Figures  36  and  37  show  the  results  of  rotating  a  vertical 
(to  the  floor)  panel  about  its  vertical  axis.  The  panel  being 
perpendicular  to  the  plane  of  the  sources,  shows  a  more  or  less 
random  geometrical  distribution  over  a  relatively  small  range 
of  sound  pressure  levels.  As  the  plate  is  rotated  so  that  it 
faces  toward  the  source,  the  contours  become  well  defined, 
changing  from  parabolic  shapes  finally  to  concentric  circles 
when  the  plate  is  parallel  to  the  source  plane.  Also,  as  the 
plate  is  rotated,  the  gradients  and  range  of  sound  pressure 
levels  increase.  It  should  be  noted  that  the  contours  for  the 
intermediate  angles  of  rotation  are  similar  to  those  obtained 
on  wings  in  actual  service  fields. 

Figures  38  and  39  illustrate  sound  pressure  level  con¬ 
tours  on  larger  flat  panels  (4  x  8  ft,  1.2  x  2.4  m)  in  the 
vertical  position.  The  resemblance  to  contours  observed  on 
wings  in  actual  service  fields  is  to  be  again  noted.  When 
the  panels  are  in  the  position  of  being  perpendicular  to  the 
plane  of  the  sources  (that  is,  when  there  is  grazing  incidence), 
these  contours  are  seen  to  be  very  similar  to  those  obtained 
when  no  structure  is  present.  This  is  a  reasonable  result 
since  at  grazing  incidence  diffraction  effects  are  minimized. 

In  order  to  obtain  less  complex  distributions  of  a  struc¬ 
ture,  the  structure  was  placed  in  a  simpler  orientation  to 
the  incident  field,  parallel  to  the  floor  and  near  the  floor. 

The  results  of  placing  such  a  horizontal  panel  in  the 
semi-anechoic  interference  field  is  illustrated  in  Fig.  40. 

It  is  seen  that  the  geometry  of  the  contour  shapes  becomes 
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more  complex  (going  from  parallel  straight  lines  to  concentric 
oval  shapes)  as  the  panel  is  raised  from  a  point  on  an  inter¬ 
ference  maximum  to  a  point  on  a  minimum.  The  gradients  and 
range  of  decibel  levels  also  increase  as  the  plate  goes  into 
a  region  of  interference  cancellation.  This  is  identical  to 
what  occurs  in  the  case  of  the  vertical  panel.  Another  reason 
for  the  increasing  complexity  is  the  fact  that  as  the  diffrac¬ 
tion  angle  increases  the  diffraction  effects  become  increasingly 
more  noticeable. 

In  order  to  further  minimize  the  effect  of  the  incident 
interference  field  variation,  consideration  was  next  given  to 
the  problem  of  the  sound  pressure  levels  on  a  flat  panel  in¬ 
clined  at  an  angle  such  as  to  intersect  at  the  point  where  the 
floor  and  source  bank  meet.  This  alignment  would  result  in  a 
symmetry  of  the  source  and  its  image  with  respect  to  the  panel 
and  would  have  the  effect  of  putting  the  entire  panel  in  a 
plane  of  constant  value  interference  effect.  Figures  41  and 
42  illustrate  typical  contour  patterns  observed  when  the  panel 
is  in  interference  minima  and  maxima  respectively.  Again,  it 
may  be  generalized  that  relative  to  the  contours  obtained  on 
the  panel  in  interference  maximum,  the  contours  obtained  with 
the  panel  in  a  relative  minimum  are  more  complex  and  have 
greater  ranges  of  both  pressure  levels  and  gradients. 

A  comparison  of  the  distributions  in  Figs.  41  and  42  in¬ 
vites  a  further  generalization.  When  the  panel  is  in  an  inter¬ 
ference  maximum,  the  highest  pressure  levels  occur  on  the  por¬ 
tion  of  the  panel  nearest  to  the  source;  when  the  panel  is  in 
an  interference  minimum,  the  highest  levels  occur  on  the  por¬ 
tion  of  the  panel  away  from  the  source.  Furthermore,  it  can 
be  seen  that  the  sound  pressure  contours  tend  to  oscillate  in 
the  area  of  the  back  one- third  of  the  panel  away  from  the 
source.  The  reason  for  these  phenomena  is  not  entirely  known 
at  the  present  time. 

It  is  also  noted  that  for  a  panel  in  a  position  vertical 
with  the  floor  and  at  an  angle  to  the  sources  in  a  relative 
minimum  of  the  interference  field  (Fig.  37),  the  highest 
levels  are  also  away  from  the  source.  Unfortunately,  results 
for  the  case  where  the  vertical  panel  was  in  an  interference 
maximum  were  not  obtained.  However,  the  data  in  Fig.  35  for 
the  side  of  the  panel  away  from  the  source  indicates  that  the 
asymmetry  holds  for  the  vertical  case  also.  Thus  the  general¬ 
ization  made  in  the  previous  paragraph  would  seem  to  be  true 
for  any  panel  orientation. 

Figure  43  illustrates  the  fact  that  the  orientation  of  a 
panel  is  much  less  critical  in  determining  the  contour  dis¬ 
tribution  when  the  panel  is  in  an  interference  maximum  than 
when  it  is  in  a  minimum.  This  is  reasonable  when  it  is  noted 
that  the  spatial  rate  of  change  of  pressure  levels,  measured 
on  a  decibel  scale,  is  much  smaller  near  the  interference 
maximum  regions  than  near  the  minimum  regions. 
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CONCLUSIONS 


Due  to  the  complexity  of  the  problem  of  structures  exposed 
to  interference  fields,  only  sound  fields  on  flat  panels  were 
investigated  in  this  study.  In  addition,  the  study  was  limited 
to  small  ranges  of  panel  size  and  frequency.  The  general  con¬ 
clusions  obtained  are: 

1.  Contours  on  panels  in  incident  interference  field 
maxima  are  usually  less  complex  geometrically,  have 
a  smaller  range  of  pressure  levels,  and  have  smaller 
gradients  relative  to  contours  on  panels  in  inter¬ 
ference  minima.  The  position  of  the  incident  inter¬ 
ference  field  maximum  or  minimum  occurs  at  the  same 
point  on  the  panel  at  which  the  combined  field  maxi¬ 
mum  or  minimum  occur  respectively. 

2.  Contour  shapes  on  the  two  sides  of  a  panel  bear  little 
relation  to  each  other. 

3.  As  a  vertical  (with  respect  to  the  floor)  panel  is 
rotated  so  as  to  face  the  sources,  the  contours  change 
from  random  to  parabolic  to  circular  in  shape.  The 
gradients  and  range  of  pressure  levels  also  increase. 
When  the  plane  of  the  panel  is  perpendicular  to  the 
plane  of  the  sources,  the  sound  pressure  level  dis¬ 
tribution  is  the  same  as  that  of  the  incident  inter¬ 
ference  field. 

4.  When  a  panel  is  in  an  incident  interference  maximum, 
the  highest  levels  occur  on  the  portion  of  the  panel 
nearest  the  source;  when  it  is  in  an  interference 
minimum,  the  highest  levels  occur  on  the  portion  of 
the  panel  farthest  from  the  source. 

5.  The  contour  distribution  is  more  sensitive  to  varia¬ 
tion  in  panel  orientation  when  this  panel  is  located 
in  an  interference  minimum  rather  than  in  an  inter¬ 
ference  maximum. 

6.  The  field  on  a  structure  can  be  determined,  to  a 
first  approximation,  by  considering  it  as  a  direct 
algebraic  sum  on  a  db  scale  of  the  field  due  to 
diffraction  on  the  structure  and  the  incident  inter¬ 
ference  field. 

7.  As  the  angle  of  incidence  approaches  grazing,  so  the 
contour  distribution  approaches  that  of  the  incident 
sound  field,  i.e.,  diffraction  effects  are  minimized. 
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SECTION  VIII 


SOUND  FIELDS  ON  STRUCTURES  IN  REVERBERANT 
OR  SEMI- REVERBERANT  ENVIRONMENTS 


Section  VI  describes  experiments  to  determine  the  charac¬ 
teristics  of  the  acoustic  environment  existing  in  the  rever¬ 
beration  room  operated  under  reverberant  or  the  two  semi- 
reverberant  conditions.  When  a  test  structure  is  located  in 
a  diffuse  field  the  sound  pressure  level  at  its  surface  will 
be  affected  by:  (1)  its  shape  and  size  compared  to  the  wave¬ 
length  of  the  frequency  of  interest,  (2)  its  distance  from, 
and  orientation  to,  the  room  boundaries,  and  (3)  its  surface 
impedance.  If  the  structure  is  located  in  the  direct  field, 
i.e.,  in  immediate  proximity  to  the  speaker,  it  is  chiefly 
subject  to  a  uni- directional  progressive  wave  field.  The 
sound  field  on  the  structure  under  these  conditions  can  be 
determined  in  the  manner  reported  in  Section  VII.  In  this 
section  we  consider  only  structures  exposed  to  diffuse  fields. 
If  the  test  s t rue ture  is  very  small  compared  to  the  wave length 
of  interest,  the  sound  pressure  level  at  its  surface  will  be 
that  existing  at  that  point  in  the  absence  of  the  structure. 

A  structure  with  dimensions  large  compared  to  a  wavelength 
will  have  a  sound  pressure  level  at  its  surface  3  db  higher 
than  the  level  in  that  region  in  its  absence.  This  will  be 
true  only  if  the  structure's  surface  impedance  is  large  com¬ 
pared  to  that  of  the  air  medium  and  if  the  field  is  truly 
diffuse.  In  general,  the  surface  impedance  criteria  for  struc¬ 
tures  will  be  met.  The  diffuse  field  condition  will  not  be 
met  if  the  facility  is  operated  under  semi- reverberant  condi¬ 
tions  when  energy  flow  is  absent  in  certain  directions.  At 
intermediate  conditions  of  structure  size,  diffraction  effects 
comparable  to  those  experienced  under  progressive  sound  wave 
conditions  are  anticipated. 

Consequently,  an  experimental  study  was  conducted  to 
determine  the  diffraction  effects  on  structures  located  in 
diffuse  and  semi-diffuse  fields.  Both  pressure  amplitude 
and  phase  characteristics  of  the  field  were  investigated  for 
several  ka  values  ranging  from  0  — j ^  80  with  major  emphasis  on 
semi-diffuse  field  conditions.  The  semi-diffuse  field  condi¬ 
tion  chosen  was  that  obtained  using  the  full  ceiling  treatment. 


SPATIAL  DISTRIBUTION  OF  PRESSURE  ON  STRUCTURES 

A  2  ft  (.6m)  square  plane  structure  was  initially  located 
in  a  vertical  plane  in  the  diffuse  region  of  the  reverberation 
room  with  ceiling  treatment,  with  its  center  4-1/2  ft  (1.37  m) 
above  floor  level.  It  can,  therefore,  be  considered  distant 
(>  X)  from  surface  boundaries  of  the  room  and  consequently 
lies  in  the  diffuse  field  rather  than  the  room  boundary  field. 
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The  sound  field  distribution,  measured  along  a  vertical  and 
horizontal  axis  through  the  panel's  center,  was  determined  at 
several  frequencies.  The  sound  field  was  redetermined  at  the 
same  location  with  the  panel  removed.  The  difference  between 
these  sound  pressure  levels,  shown  in  Fig.  44,  is  an  indication 
of  the  diffraction  effect  under  diffuse  field  conditions.  At 
all  frequencies  investigated,  except  8000  cps,  a  positive 
diffraction  effect  was  experienced,  i.e.,  an  increase  in  level 
was  obtained  when  the  structure  was  inserted  in  the  sound 
field.  The  negative  effect  at  the  high  frequency  case  was 
suspect  but  was  repeatable.  In  addition,  when  the  investiga¬ 
tion  was  repeated  for  the  reverse  side  of  the  panel,  again  a 
negative  effect  was  observed.  The  panel  was  moved  to  an 
alternative  location  in  the  diffuse  field  and  again  the  effects 
of  diffraction  were  investigated  on  both  sides  of  the  panel 
at  the  frequency  of  8000  cps.  Figure  44  shows  that  a  posi¬ 
tive  effect  is  observed  on  one  side  of  the  board  while  a  nega¬ 
tive  effect  is  observed  on  the  reverse  side. 

It  is  seen,  in  the  semi- reverberant  facility,  that  when 
a  plane  structure  is  mounted  in  a  vertical  plane,  the  sound 
pressure  level  on  its  surface  is  greater  than  the  incident 
value,  because  of  diffraction  effects.  This  increase  reaches 
a  maximum  value  of  approximately  3-4  db  for  a  ka  value  of  3, 
being  only  1  db  for  ka  -  1.  An  average  value  for  large  values 
of  ka  ( 20)  is  2  db.  It  is  anticipated,  though  it  was  not 
experimentally  verified,  that  these  effects  would  closely 
approximate  those  found  under  completely  reverberant  conditions. 

The  2  ft  (.61  m)  square  plane  structure  was  then  located 
in  a  horizontal  plane  4-1/2  ft  (1.37  m)  above  the  reflecting 
floor  in  the  diffuse  region  of  the  room.  The  sound  pressure 
level  was  determined  in  the  plane  of  the  panel  in  the  absence 
of  the  panel  and  again  with  the  panel  in  position.  In  this 
latter  case  the  pressure  distribution  was  measured  on  both  the 
upper  and  the  lower  surfaces  of  the  panel.  Again  the  measure¬ 
ments  were  made  along  the  two  major  axes  of  the  panel.  Figure  44 
shows  the  diffraction  effect  averaged  for  both  axes,  deter¬ 
mined  on  the  upper  and  lower  surfaces  of  the  panel.  It  may 
be  noted  that  a  positive  diffraction  effect  is  experienced  on 
the  lower  surface  of  the  panel,  but  on  the  upper  surface  dif¬ 
fraction  effects  are  negligible  ((1  db)  but  negative. 

The  maximum  effect  on  the  lower  surface  is  approximately 
4  db  for  a  ka  value  of  7,  being  only  1  db  for  ka  =  1.  An 
average  value  for  large  ka  (>  20)  values  is  2  db.  The  negli¬ 
gible,  but  negative,  effects  on  the  upper  surface  of  this 
horizontal  panel  at  all  frequencies  occurs  because  little  or 
no  sound  energy  is  incident  on  this  surface,  since  such  energy 
would  have  to  propagate  downwards  and  this  direction  of 
propagation  is  inhibited  by  the  ceiling  treatment. 

To  verify  this  the  panel  was  left  in  this  location  with 
the  ceiling  treatment  removed  and  the  experiments  repeated  at 
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3150  and  8000  cps.  The  increase  on  both  top  and  lower  sur¬ 
faces  was  found  equal  and  for  these  ka  values,  18  and  45,  were 
found  to  be  approximately  2-1/2  db. 


CROSS- CORRELATION  COEFFICIENT  ON  STRUCTURES 

The  2  ft  (.61  m)  square  panel  was  replaced  in  the  verti¬ 
cal  location,  described  previously,  under  the  semi- reverberant 
conditions  produced  with  ceiling  treatment.  A  reference  micro¬ 
phone  was  located  on  a  horizontal  major  axis  of  the  panel  2  ins. 
(51  mm)  from  its  edge.  This  location  was  chosen  to  ensure  a 
minimal  edge  effect.  The  other  microphone  was  traversed  across 
the  same  axis  to  determine  correlation  function  across  the 
panel.  This  was  repeated  on  the  vertical  axis  of  the  panel. 

The  distributions  obtained  are  shown  in  Fig.  46.  They  may  be 
compared  to  the  correlation  coefficient  in  the  undisturbed 
field  shown  in  Fig.  30.  (Note:  Figs.  30  and  45  are  not  drawn 
to  identical  scale.) 

The  panel  was  then  located  in  the  horizontal  position 
described  in  the  previous  section  on  pressure  level  deter¬ 
mination  and  the  correlation  function  determined  on  its  upper 
and  lower  surfaces.  The  distributions  obtained  are  shown  in 
Fig.  45. 

It  can  be  seen  in  general  that  the  correlograms  obtained 
over  the  structure's  surfaces  is  very  similar  to  that  deter¬ 
mined  in  the  same  location  but  with  the  structure  removed. 

An  exception  occurs  at  the  lower  two  frequencies,  ka  *  1.14 
and  2.85,  where  it  is  observed  that  the  correlation  coefficient 
over  the  structure  decays  less  rapidly  than  in  the  field  alone. 


CONCLUSIONS 

1.  When  a  plane  structure  is  mounted  vertically  in  the 
semi- reverberant  environment,  the  diffraction  effect 
produces  an  increase  in  the  sound  pressure  level  ex¬ 
perienced  on  the  structure.  This  increase  has  a 
maximum  value  of  3  — ^  4  db  for  a  ka  value  of  3,  being 
only  1  db  for  ka  =  1.  For  larger  ka  values,  the  in¬ 
crease  is  approximately  2  db. 

2.  When  a  plane  structure  is  mounted  parallel  to  the 
floor  of  the  facility,  there  is  a  negligible  diffrac¬ 
tion  effect  on  its  upper  surface  due  to  the  presence 
of  the  absorbing  ceiling.  On  the  lower  surface  a 
pressure  increase  is  noted,  whose  values  are  identi¬ 
cal  with  those  described  in  (1)  above. 
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3.  The  phase  characteristics  of  the  field  on  the  vertic- 
ally  or  horizontally  mounted  panel  are  generally 
similar  to  those  at  the  same  location  in  the  absence 
of  the  structure.  But,  for  a  ka  value  of  3  or  less, 
phase  is  preserved  over  a  larger  region  than  when  the 
panel  is  removed  from  the  environment. 
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SECTION  IX 

SOUND  FIELD  MODIFICATION  USING  REFLECTORS 


A  certain  versatility  has  been  built  into  the  RTD  facility 
which  enables  acoustic  environmental  parameters  to  be  varied 
to  a  limited  degree.  This  is  achieved  through  the  use  of 
either  a  single  siren  or  combinations  of  sirens,  the  degree 
of  acoustic  treatment  exposed,  the  location  of  the  test  struc¬ 
ture  in  the  large  available  volume,  etc.  However,  because  the 
versatility  of  the  RTD  facility  is  not  unlimited,  at  some  stage 
in  the  development  of  service  field  simulation  techniques,  it 
will  be  necessary  to  use  some  device  to  modify  the  acoustic 
environment  in  a  prescribed  region  of  the  facility.  The  device 
offering  most  potential  would  appear  to  be  a  reflector.  It 
has  the  advantages  that  (1)  it  is  responsive  to  a  broad  range 
of  f requeue ies ,  (2)  it  is  not  a  1  lossy1  device  and  consequently 
modifies  fields  with  minimal  energy  loss,  and  (3)  it  can  be  of 
simple  and  inexpensive  construction. 

Surprisingly  little  information  concerning  reflectors 
exists  in  the  literature,  especially  where  the  wavelengths  of 
interest  are  comparable  to  reflector  dimensions.  However,  the 
close  connection  between  the  scattering  (and  consequently 
reflecting)  properties  of  objects  exposed  to  sound  fields  and 
the  radiating  properties  of  these  same  objects  when  they  are 
caused  to  vibrate  enables  radiation  properties,  which  have 
received  considerable  attention,  to  be  applied  to  the  problem 
of  reflection  (Refs.  20  and  21).  This  formed  the  basis  of 
our  initial  approach  to  the  problem  of  establishing  the  capa¬ 
bilities  of  reflector  devices.  However,  experimental  approaches 
were  later  found  necessary  to  provide  the  required  information 
on  reflector  potential. 

In  order  to  establish  a  given  reflector's  potential  to 
modify  the  acoustic  environment  in  its  vicinity,  the  following 
three  questions  need  to  be  answered. 

1.  What  percentage  of  the  energy  incident  on  the 
reflector  is  reflected? 

2.  What  are  the  directional  properties  of  this  reflected 
energy? 

3.  What  phase  relationships  exist  between  the  reflected 
and  the  incident  sound  field? 

We  can  anticipate  that  the  answers  to  these  questions  will 
be  functions  of  chiefly  structure  size  and  shape,  frequency, 
and  angle  of  incidence  of  the  sound  field.  We  will  consider 
the  reflector  of  interest  to  be  a  flat  rigid  circular  disc  of 
diameter  2a,  since  the  radiation  problems  for  pistons  have 
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received  most  attention.  The  experimental  study,  described 
later,  uses  a  square  plate  of  dimensions  2a  x  2a.  The  analy¬ 
sis  for  circular  discs  will  be  applicable  to  square  plates  for 
identical  values  of  'a1  to  first  approximation.  Figure  47 
attempts  to  predict  the  percentage  of  the  energy  incident  on 
the  plate's  surface  which  is  reflected  from  this  circular  plate 
when  it  is  exposed  to  normally  incident  sound  of  wave  number  k. 
This  has  been  obtained  from  consideration  of  the  allied  radia¬ 
tion  problem.  It  can  be  seen  that  for  high  ka  values  ( )>  2.2) 
100  per  cent  of  the  incident  energy  is  reflected.  There  are 
ranges  of  ka  for  which  over  100  per  cent  reflection  is  pre¬ 
dicted,  the  range  ka  =  2.2  — ^  3.5  producing  the  most  signifi¬ 
cant  effects  (up  to  114  per  cent  at  ka  ®  2.7).  It  is  in  this 
range  of  ka  values  for  which  the  most  significant  diffraction 
effect  is  reported  in  Ref,  1.  In  that  study,  sound  pressure 
levels,  as  much  as  10  db  above  incident  value,  were  observed 
at  the  surface  of  a  square  structure  of  dimensions  2a  x  2a  ex¬ 
posed  to  a  normally  incident  sound  wave  for  a  ka  value  of  3.5. 
This  suggests  that  this  assumption  of  reflected  energy  in 
excess  of  incident  energy  is  justifiable,  if  we  assume  in  these 
instances  that  the  scattering  cross-section  of  the  plate  ex¬ 
ceeds  unity. 

The  most  significant  feature  of  Fig.  47  is  that  the  re¬ 
flected  energy  decreases  rapidly  as  the  ka  values  fall  below  2 
(75  per  cent  energy  reflection).  This  gives  a  critical  value 
for  'a'  of  approximately  X/3.  As  'a'  is  reduced  below  this 
value,  so  the  efficienty  of  the  reflector  decreases  rapidly. 

For  example,  when  ka  =  1,  i.e.,  "a1  is  approximately  X/6,  the 
reflected  energy  is  only  3  per  cent  of  the  incident  value. 

This  analysis,  which  is  applicable  only  to  normally  in¬ 
cident  sound,  serves  to  indicate  the  lower  limiting  ka  value 
beyond  which  a  reflector  ceases  to  be  efficient. 

The  directional  properties  of  this  reflected  energy  is 
of  major  importance  in  determining  the  modifying  effect  of 
reflectors  on  acoustic  environments. 

The  majority  of  existing  data  on  the  directivity  of  radi¬ 
ating  devices  is  limited  to  the  far  field.  Under  these  cir¬ 
cumstances  the  directional  properties  of  a  small  reflector 
(ka  <(2)  for  normally  incident  sound  are  very  similar  to  a 
doublet  source.  A  large  reflector  (ka»2)  produces  a  highly 
directional  beam,  behaving  as  a  specular  reflector.  Inter¬ 
mediate  cases  are  contained  in  the  literature,  e.g.,  Ref.  8. 
However,  for  any  anticipated  operational  reflector,  it  is  the 
near  field  directivity  which  is  important  since  it  will  be  in 
these  regions  containing  the  most  intense  reflected  field  that 
the  most  efficient  sound  field  modification  will  occur. 

Detailed  near  field  radiation  patterns  are  contained  in  Ref.  22 
for  limited  selection  of  ka  values.  In  addition,  conditions 
other  than  normal  incidence  are  anticipated.  Consequently, 
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we  adopted  an  experimental  approach  to  determine  the  near 
field  of  reflectors  exposed  to  an  incident  sound  field. 


REFLECTOR  CHARACTERISTICS 

We  chose  a  square  reflector  for  simplicity  and  exposed 
this  to  an  incident  sound  field  under  completely  anechoic 
conditions,  which  required  the  removal  of  the  reflecting  floor 
from  our  anechoic  room.  The  anechoic  environment  was  neces¬ 
sary  so  that  we  could  evaluate  the  reflector's  performance  to 
a  uni- directional  field  obtained  from  a  single- sound  source. 
Using  a  pure- tone  source  the  region  into  which  the  reflector 
was  to  be  placed  was  explored  to  determine  the  incident  sound 
pressure  level  distribution.  This  was  achieved  by  traversing 
a  microphone  along  a  tracking  system.  The  reflector  was  then 
located  in  position  and  the  sound  pressure  level  distribution 
was  re- determined  at  locations  identical  to  those  previously 
measured.  Figure  48  illustrates  how  the  region  in  front  of 
the  reflector  was  explored  in  radial  directions  from  the 
plate's  center  for  the  case  of  normal  sound  incidence.  Explora¬ 
tion  along  these  radial  directions  revealed  a  standing  wave 
system  formed  from  combination  of  the  incident  sound  field  in 
the  region  of  interest  and  the  field  formed  by  reflection  from 
the  square  plate.  Also  shown  in  Fig.  48  is  a  typical  standing 
wave  system  measured  along  a  radial  direction.  Measurement 
of  the  successive  maximum  and  minimum  levels  in  the  standing 
wave  system  enabled  the  sound  pressure  level  of  the  reflected 
wave  to  be  determined  relative  to  the  known  level  of  the  in¬ 
cident  sound  field.  In  this  manner  it  was  possible  to  map  out 
the  near  field  of  the  reflector  at  selected  locations,  which 
are  determined  by  the  positions  of  the  maxima  and  minima  in 
the  standing  wave  system. 

Figures  48,  49,  and  50  illustrate  the  near  field  distribu¬ 
tion  determined  for  normal  and  45°  incidence  for  a  range  of 
ka  values  between  1.14  and  32.  The  contours  of  equal  sound 
pressure  level  are  relative  to  the  incident  sound  pressure 
level  at  the  plate's  center.  They  are  observed  to  become  very 
complex  in  nature  for  high  ka  values  and  under  such  conditions 
must  be  considered  to  be  only  approximate  in  their  position 
and  magnitude.  The  reason  for  this  is  that  the  method  of  data 
analysis  produces  data  at  certain  discrete  locations  which  are 
insufficient  to  construct  accurate  contour  systems.  However, 
the  contours  serve  to  indicate  the  potential  of  reflector 
devices  in  that  they  can  be  used  to  predict  approximately  the 
modification  to  sound  fields  using  a  reflector.  It  may  be 
noted  there  is  a  similarity  between  the  magnitude  and  distri¬ 
bution  of  the  sound  pressure  level  contours  for  both  normal 
and  45°  incidence  cases  having  identical  ka  values.  Their 
difference  is  associated  with  the  orientation  of  the  contour 
distributions.  In  both  cases,  the  distributions  emphasize 
that  the  majority  of  reflected  energy  is  radiated  in  the 
direction  for  which  the  angle  of  reflection  is  equal  to  the 
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angle  of  incidence.  Consequently,  we  believe  this  data  ob¬ 
tained  for  normal  and  45°  incidence  cases  will  be  representa¬ 
tive  of  a  reflector  using  any  anticipated  angle  of  incidence, 
i.e.,  approximate  range  of  incidence  0  — ^  45  .  It  would  not 
be  practical  to  use  reflectors  under  conditions  approaching 
grazing  (i.e.,  90°)  incidence  because  the  reflected  energy 
would  be  considerably  reduced.  In  the  extreme,  at  grazing 
incidence,  no  acoustic  energy  would  be  reflected  at  all.  The 
experimental  method  we  adopted  for  discrete  frequency  signals 
is  not  suitable  for  noise  band  signals.  However,  it  is  antici¬ 
pated  that,  if  reflectors  are  used  in  conjunction  with  a  noise 
band  signal,  the  complexity  of  the  distribution  in  the  reflected 
field  would  be  reduced.  However,  the  reflected  field  sound 
pressure  levels  could  be  expected  to  resemble  some  average  of 
the  levels  obtained  for  discrete  frequency  operation. 

Phase  information  on  the  reflected  field  for  discrete 
frequency  operation  was  not  determined.  However,  as  follow¬ 
ing  studies  indicate,  phase  properties  of  the  reflected  field 
may  be  satisfactorily  assumed  to  be  those  based  upon  a  simple 
ray  tracing  procedure.  This  is  justified  experimentally  for 
reflectors  having  a  ka  value  greater  than  5  (see  also  Ref.  23). 


SOUND  FIELD  MODIFICATION  WITH  REFLECTORS 

The  data  obtained  on  reflector  field  properties  was  used 
to  predict  sound  field  modification  under  the  following  two 
conditions:  (1)  modification  to  a  region  in  free  space,  i.e., 

fully  anechoic  condition,  and  (2)  modification  to  a  region  in 
free  space  containing  a  structure.  A  discrete  frequency  source 
was  used  for  these  experiments.  Figure  51  shows  the  orienta¬ 
tion  of  a  reflector  and  sound  source  to  a  region  of  interest. 
This  region  was  on  a  radius  through  the  sound  source.  The 
region  was  explored  both  with  the  reflector  present  and  with 
it  absent  to  determine  the  sound  field  modification  obtained 
using  this  reflector.  Figure  51  shows  a  typical  measured  dis¬ 
tribution  along  line  AB.  Values  for  successive  maximum  and 
minimum  levels  in  the  modified  field  are  listed.  These  values 
are  relative  to  the  incident  sound  field  level.  Also  shown 
are  the  computed  levels  of  the  modification  to  the  sound  field, 
using  the  reflector  amplitude  data  obtained  experimentally. 
Phase  characteristics  were  obtained  using  simple  ray  tracing 
assumptions . 

It  can  be  seen  that  the  agreement  between  calculated  and 
experimentally  determined  values  of  the  magnitude  of  the  field 
in  the  region  of  interest  is  excellent.  The  positions  of 
maxima  and  minima  were  also  predicted  with  accuracy  assuming 
a  simple  ray  tracing  technique.  This  good  agreement  between 
computed  and  experimentally  determined  fields  was  found  using 
reflectors  with  ka  values  of  5  or  greater.  Fields  calculated 
for  reflectors  with  lower  ka  values  did  not  agree  with 
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experimental  data  either  in  terms  of  the  magnitude  or  the 
position  of  the  interference  extrema.  This  results  from  the 
fact  that  the  phase  characteristics  of  the  reflected  field 
cannot  be  determined  using  ray  tracing.  Thus  for  reflectors 
with  low  ka  values  it  will  be  necessary  to  evaluate  the  phase 
in  their  reflected  fields  before  their  modification  effects 
can  be  computed. 

This  experimental  investigation  of  an  actual  sound  field 
modification  was  repeated  with  a  structure  located  in  the 
plane  of  interest.  Again,  Fig.  51  shows  a  typical  modified 
sound  field  along  the  structure's  surface,  and  shows  experi¬ 
mental  values  for  the  maximum  and  minimum  sound  field  modifi¬ 
cation.  Theoretical  determination  must  take  into  account  the 
effects  of  diffraction.  We  assumed  that  the  reflected  pres¬ 
sure  level,  incident  almost  normally  to  the  surface  of  the 
structure,  was  increased  by  a  factor  of  two. 

Since  the  ka  value  for  the  test  panel  used  in  this  ex¬ 
periment  is  7,  this  is  a  justifiable  assumption  because  this 
pressure  doubling  as  observed  in  Ref.  1  (p.  60)  occurs  for  ka 
values  of  approximately  8  and  greater.  It  can  be  seen  in 
Fig.  51  that  good  agreement  between  calculated  and  experi¬ 
mental  sound  pressure  levels  is  obtained.  Analysis  at  other 
ka  values  for  panel  or  reflector  has  not  been  made,  but  it 
can  be  assumed  that  good  agreement  between  calculated  and 
experimental  sound  pressure  levels  will  be  obtained  if  the 
following  conditions  are  met. 

1.  ka  value  for  reflector  must  be  greater  than  5  so 
that  phase  of  reflector  field  is  readily  deter¬ 
mined  using  ray  tracing. 

2.  ka  value  for  the  test  structure  is  greater  than  8, 
so  that  the  pressure  doubling  of  the  reflected 
field  incident  on  the  test  panel  can  be  assumed. 

Using  noise  signals  it  is  anticipated  that  this  predic¬ 
tion  method  would  also  apply.  However,  the  degree  of  coherence 
between  direct  and  reflected  signals  in  the  region  of  interest 
will  determine  whether  the  signals  must  be  combined  on  a  pres¬ 
sure  amplitude  and  phase  or  on  an  energy  basis.  Limited  ex¬ 
perimental  studies  using  noise  band  signals  indicate  that  the 
field  distributions  are  spatially  identical  to  those  using 
tone  signals  but  that  the  interference  extrema  are  less  pro¬ 
nounced  . 


SPECIALIZED  REFLECTOR  STUDIES 

We  have  considered  in  earlier  parts  of  this  section  the 
generalized  problem  of  sound  field  modification  with  reflector 
devices.  We  now  consider  specific  cases  of  sound  field  modifi¬ 
cation  with  reflectors,  but  now  under  semi- anechoic  operating 
conditions . 
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One  feature  of  semi-anechoic  operation  is  that  the  major 
variation  in  sound  pressure  level  exists  in  a  vertical  direc¬ 
tion  because  of  the  interference  effect  caused  by  the  presence 
of  the  reflecting  floor.  In  regions  close  to  the  floor  the 
only  variations  are  caused  by  spherical  spreading  producing  a 
gradually  decreasing  level.  If  major  variations  in  level  are 
required  along  the  floor,  a  modification  to  the  existing  field 
must  be  made.  One  method  of  achieving  this  is  by  the  use  of 
reflectors.  The  following  experiments  use  noise  band  rather 
than  discrete  frequency  signals. 

Figure  52  shows  a  simple  manner  in  which  this  was  achieved 
experimentally.  A  vertical  4  ft  (1.2  m)  square  reflector  was 
located  parallel  to  and  directly  in  front  of  the  source  plane. 
The  sound  pressure  level  distribution  both  in  the  presence  and 
in  the  absence  of  the  reflector  was  determined:  (1)  along  a 
vertical  line  occupied  by  the  vertical  axis  of  the  reflector; 
and  (2)  along  a  horizontal  line  immediately  in  front  of  the 
position  of  the  base  of  the  reflector.  This  was  performed  for 
three  noise  bands:  200,  500,  and  1250  cps .  Figure  52  shows 
both  the  vertical  distribution  at  the  reflector^s  surface  and 
the  horizontal  distribution  along  the  floor.  It  can  be  seen 
that  the  interference  distribution  in  the  vertical  direction 
is  preserved,  except  that  the  overall  levels  are  increased 
when  the  reflector  is  present.  This  increase  is  approximately 
6  to  7  db,  suggesting  the  structure  is  acting  as  a  perfect 
reflector. 

The  horizontal  distribution  along  the  floor  which  initially 
is  approximately  uniform  over  the  region  of  interest,  exhibits 
interference  effects  with  the  introduction  of  the  reflector. 

It  is  coincidental  that  the  spatial  separation  between  succes¬ 
sive  extrema  for  both  vertical  and  horizontal  interference  pat¬ 
terns  are  identical.  This  occurs  because  it  is  the  distance 
of  source  from  reflecting  surface  which  determines  the  separa¬ 
tion  and  in  this  particular  case  the  height  of  the  source  above 
the  floor  is  equal  to  the  separation  of  the  vertical  reflector 
from  the  source.  Figure  53  illustrates  how  a  horizontally 
located  reflector  can  be  used  to  modify  the  vertical  interfer¬ 
ence  pattern  in  the  room.  In  this  particular  experimental 
study  the  source  was  located  midway  between  the  floor  and  a 
horizontal  reflector  above  the  floor.  Figure  53  shows  the 
sound  pressure  distribution  along  a  vertical  before  and  after 
introduction  of  the  reflector.  Calculation  of  the  pressure 
amplitude  (before  and  after  introduction  of  the  reflector) 
along  the  vertical  is  also  shown.  This  was  computed  from 
knowledge  of  the  signal's  auto- correlation  function  in  the 
manner  described  in  Section  V,  with  the  assumption  that  only 
a  s ingle- source  image  is  produced  by  the  floor  and  the  reflector. 
In  actuality,  an  infinity  of  images  is  produced  but  successive 
images  have  decreasing  amplitude  and  become  increasingly  in¬ 
coherent  with  the  original  direct  and  reflected  s ignals , 

The  experiments  described  on  field  modification  with 
reflectors  under  semi-anechoic  conditions  have  been  simple 
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in  that  (1)  only  simple  reflector  locations  and  orientation 
were  used,  and  (2)  no  structure  was  present  in  the  region  of 
interest. 

The  following  section  describes  more  experiments  for 
which  these  conditions  were  not  maintained. 


GENERALIZED  REFLECTOR  STUDIES 

Chronologically,  this  study  of  sound  field  modification 
under  semi-anechoic  conditions  was  performed  before  that  per¬ 
formed  under  anechoic  conditions.  It  was  anticipated  that 
generalized  reflector  information  could  be  obtained  as  a  sub¬ 
sidiary  result  of  experiments  on  modifying  sound  fields  on 
structures  under  semi-anechoic  conditions  using  reflectors. 
While  this  task  was  not  accomplished  successfully,  .the  experi¬ 
ments  are  reported  here  because,  besides  illustrating  the 
complexity  of  the  problem  of  modifying  sound  fields,  they  do 
provide  indications  of  reflector  potential. 

Figure  54  shows  views  of  the  experimental  set-up. 
represents  a  plane  inclined  at  13°  to  the  floor  and  passing 
through  the  base  of  the  speaker  bank.  This  region  was  selected 
for  the  study  because  of  the  initial  simple  distribution  exist¬ 
ing  in  any  such  plane  passing  through  the  base  of  the  speaker 
bank,  either  in  the  presence  or  in  the  absence  of  a  structure. 

A  square  structure  of  sides  2  ft  (.61  m)  could  be  located  in 
this  plane  at  XY  for  the  experiment  in  which  modifications  on 
a  structure  rather  than  in  a  free  region  were  required.  A 
square  reflector  of  sides  3-1/2  ft  (1.1  m)  was  located  with 
rotational  or  vertical  orientations  as  shown  in  Fig.  54. 


The  study  was  conducted  using  bands  of  noise  only  at  the 
three  lowest  frequencies:  200,  500,  and  1250  cps.  In  the. 
first  study  the  effect  of  reflector  inclination  was  investi¬ 
gated.  The  test  structure  was  located  at  XY  and  the  sound 
field  determined  along  the  major  axis  in  the  direction  XY. 
Several  reflector  inclinations  were  investigated  and  Fig.  55 
shows  the  sound  field  redetermined  on  the  test  structure  in 
the  presence  of  the  reflector  device.  It  may  be  noted  that 
the  maximum  notification  to  the  sound  field  at  all  three  fre¬ 
quencies  investigated  is  obtained  for  reflector  positions  C,  D, 
and  E,  i.e. ,  when  the  reflector  is  inclined  at  angles  for  which 
an  assumption  of  specular  reflection  would  give  maximum  effect 
over  a  region  of  the  test  structure.  The  change  in  the  sound 
pressure  level  on  these  structures  when  using  reflectors  is 
observed  generally  to  be  positive  but  its  magnitude  and  dis¬ 
tribution  over  the  region  of  interest  (XY)  varies  considerably 
with  inclination  or  frequency.  In  our  experiments,  at  each 
frequency,  the  reflector  inclination  was  chosen  to  be  that 
giving  the  major  modification  in  the  previous  experiments. 

Then  the  sound  field  modification  was  re- determined  in  the 
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region  XY  with  and  without  the  test  structure  located  in  this 
region.  The  results  of  this  experiment  are  shown  in  Fig.  56. 

It  can  be  seen  that  the  modification  to  the  region  of  interest, 
XY,  is  greatest  when  the  test  structure  is  present.  This  is  ' 
because  the  additional  energy  supplied  by  the  reflector  to  the 
region  of  interest  is  subject  to  a  further  diffraction  modifi¬ 
cation  caused  by  the  presence  of  a  structure  in  the  region. 

A  final  study  was  chosen  for  which  the  reflector  inclina¬ 
tion  remains  constant  but  its  separation  from  the  region  of 
interest  XY  is  varied.  In  this  study  the  test  structure  was 
permanently  located  in  position  XY.  Figure  57  shows  how  the 
sound  field  modification  on  the  test  structure  is  affected  by 
the  distance  of  the  reflector  from  this  region.  In  general  it 
can  be  seen  that  the  closer  the  reflector  is  to  the  test  struc¬ 
ture,  the  larger  is  the  field  modification.  At  the  highest 
frequency  investigated,  it  is  seen  that  large  modifications 
are  obtained  using  the  reflector.  The  reason  for  this  is  not 
that  the  reflector  is  sending  considerable  energy  into  the 
region  of  interest,  but  that  because  the  test  panel  is  located 
in  an  interference  minimum  at  this  frequency,  any  additional 
energy  will  nullify  this  acoustic  cancellation  effect. 


CONCLUSIONS 

This  study  has  shown  that  reflectors  can  be  used  success¬ 
fully  to  modify  acoustic  environments.  The  near  field  of 
reflectors  has  been  explored  for  a  ka  range  1.1  to  32  for 
normal  and  45°  incidence  conditions.  The  following  conclusions 
on  sound  field  modification  using  reflector  devices  can  be 
made. 

1.  Under  fully  anechoic  conditions  the  sound  field  modi¬ 
fication,  to  a  region  in  free  space,  can  be  predicted 
using  the  near  field  data  acquired  in  this  study  using 
reflectors  with  ka  values  greater  than  5. 

2.  Under  fully  anechoic  conditions  the  sound  field  modi¬ 
fication  at  a  structure's  surface  can  also  be  pre¬ 
dicted  if  the  structure  has  a  ka  value  greater  than  8 
so  that  a  pres sure- doubling  assumption  is  valid  for 
the  reflected  energy  incident  upon  it.  In  addition, 
the  reflector  must  have  a  ka  value  greater  than  5. 

3.  Under  semi- anechoic  conditions,  reflectors  were  found 
to  produce  significant  modifications  to  sound  fields 
on  structures.  However,  because  both  the  structure 
and  the  reflector  were  located  in  the  interference 
field,  no  attempt  was  made  to  analytically  justify 
the  experimental  results. 
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SECTION  X 


ANALYSIS  OF  SERVICE  FIELD  ENVIRONMENTS 


One  of  the  main  purposes  of  the  RTD  Sonic  Fatigue  Facility 
is  to  simulate  sound  fields  encountered  on  structures  in  actual 
service  fields.  The  question  arises  as  to  what  parameters  of 
the  service  field  are  of  importance  and  should  be  simulated. 

As  an  indication  of  the  answer  to  this  question,  one  may  ask 
what  parameters  of  the  field  are  typically  measured  as  reported 
in  the  literature? 

First,  characteristics  of  the  noise  fields  of  jet  engines 
have  been  determined  while  mounted  on  test  stands.  Frequency 
analyses  (wide,  octave,  one- third  octave,  or  narrow  band)  are 
made  at  near  and  far  field  locations  (Refs.  24  to  26),  and 
attempts  have  been  made  to  correct  for  ground  reflection 
effects  (Refs.  6  and  24).  Consequently,  the  power  spectral 
content  of  jet  engine  noise  fields  is  known  at  selected  sta¬ 
tions  from  which  spatial  contour  distributions  can  be  obtained. 
Measurement  of  other  parameters,  such  as  correlation  properties 
of  the  field,  is  less  available.  In  general,  for  a  given  par¬ 
ticular  operating  condition  of  a  specific  engine,  the  noise 
field  is  not  completely  defined  in  all  its  parameters  or  over 
its  whole  extent. 

One  way  the  RTD  facility  could  be  operated  is  by  simula¬ 
tion  of  the  sound  field  of  an  engine  in  the  region  in  which  a 
structure  is  to  be  located  under  service  conditions.  When 
this  is  done  the  structure  could  be  located  in  this  region  and 
then  the  field  it  is  subject  to  should  be  a  simulation  of  the 
service  field  it  experiences.  Unless  the  service  field  is 
defined  in  all  its  parameters  and  simulation  is  achieved  in  all 
of  them,  this  assumption  is  not  necessarily  valid.  For  example, 
supposing  that  the  field  were  defined  in  the  region  of  interest 
only  in  terms  of  the  power  spectral  content  of  the  noise  field; 
and  supposing  simulation  were  achieved  in  the  RTD  facility  of 
this  power  spectral  content  using  several  sirens  to  cover  the 
frequency  band  desired;  then  there  exist  several  propagation 
directions  of  the  incident  signal  in  the  region  of  interest 
because  of  the  finite  siren  spacings.  If  these  propagation 
directions  bear  no  resemblance  to  those  of  the  service  field 
signal  there,  although  simulation  has  been  achieved,  the 
desired  field  will  not  be  produced  on  the  structure  when  it 
is  located  in  this  field.  This  is  because  the  field  on  the 
structure  will  be  diffraction  controlled,  which  is  dependent 
on  the  angle  of  incidence. 

Consequently,  a  more  reliable  approach  would  be  to  attempt 
simulation  of  the  service  field  as  measured  on  the  structure 
of  interest.  Even  if  the  service  field  is  defined  in  terms 
of  only  a  single  parameter,  power  spectral  content  for  example, 
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one  can  attempt  to  simulate  the  actual  field  the  structure  is 
subject  to.  This  reasoning  has  governed  our  approach  to  the 
problem,  resulting  in  a  survey  of  service  field  data  on  air¬ 
craft  structures,  rather  than  the  service  field  alone. 

A  measurement  typically  found  in  the  literature  is  the 
RMS  sound  pressure  level  contours  on  a  structure.  Most  typi¬ 
cal  are  overall  and  band  sound  pressure  level  contours  on 
wings  of  aircraft  operating  under  various  engine  conditions. 
This  is  probably  the  major  parameter  that  it  would  be  desir¬ 
able  to  simulate.  Pointwise  simulation  is  a  very  difficult 
and  inefficient  way  to  simulate  a  distribution  which  may  be 
quite  complex  in  practice.  A  less  complex  method  would  be  to 
simulate  simple  areas  of  distribution  having  definable  charac¬ 
teristics  and  to  "patch”  these  areas  together  to  obtain  the 
total  distribution.  A  sound  pressure  level  area  may  be  classi¬ 
fied  in  a  relatively  simple  manner  by  first  classifying  the 
general  geometric  shape  of  the  sound  pressure  level  contours 
and  then  statistically  classifying  the  range  of  pressures, 
gradients,  and  radii  of  curvature.  This  has  been  done  for 
measured  sound  pressure  level  contours  on  the  B-58A  jet  air¬ 
plane  (Ref.  28)  and  the  KC-135  jet  transport  (Ref.  26). 

Figures  58  to  60  show  measured  band  pressure  levels  on  half 
wings  of  the  above  two  aircraft  as  well  as  the  division  of 
the  wing  area  into  regions  where  simple  contours  are  obtained. 
Tables  IX-A  to  II-E  give  the  statistical  range  distributions 
of  sound  pressure  levels,  gradients,  and  radii  of  curvature 
along  with  a  general  characterization  of  each  region.  This 
statistical  data  was  obtained  by  first  dividing  the  wing  area 
into  a  rectangular  grid  and  determining  the  value  of  the 
desired  parameter  at  the  intersection  of  the  grid  lines. 

No  mention  has  been  given  so  far  of  correlation  on  struc¬ 
tures.  The  reason  for  this  is  that  little  work  has  been  pub¬ 
lished  on  correlation  on  flight  vehicles,  so  that  it  is  impos¬ 
sible  to  determine  an  actual  correlation  field  to  be  simulated. 

The  preceding  discussion  defines  the  acoustic  data  which 
has  been  reported  in  the  literature  and  presents  a  dissection 
of  a  representative  sampling  of  the  available  data  into  cate¬ 
gories  of  parameters  to  be  simulated.  It  is  expected  that 
this  sampling  will  give  a  range  of  the  acoustic  parameter 
variation  which  we  would  expect  to  have  to  be  simulated  in 
the  facility  for  present  sonic  fatigue  studies. 


PREDICTION  OF  SERVICE  FIELD  ENVIRONMENTS 

Since  there  is  only  a  relatively  small  amount  of  suffi¬ 
ciently  measured  data  on  aircraft  structures,  an  attempt  was 
made  to  calculate  the  sound  pressure  level  at  a  wing's  sur¬ 
face  knowing  only  the  distribution  of  pressure  levels  in  a 
plane  passing  through  the  axis  of  the  engine,  when  the  engine 
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is  in  a  free  field.  The  effect  of  being  able  to  do  this  would 
be  to  increase  inexpensively  and  conveniently  the  amount  of 
service  field  data  on  structures  by  simple  calculations  from 
previously  measured  free  field  engine  data. 

Let  the  distribution  of  sound  pressure  levels  (due  to  an 
engine  in  a  free  field)  in  any  plane  passing  through  the  axis 
of  the  engine  be  known.  Making  the  assumption  that  these  levels 
are  the  same  for  any  plane  through  the  jet  axis  (in  other  words, 
cylindrical  symmetry)  consider  a  plane  parallel  to  the  plane 
of  the  wing's  surface.  The  question  becomes:  "Given  a  sound 
pressure  level  in  the  engine  plane,  what  will  the  pressure  dis¬ 
tribution  be  in  a  plane  parallel  to  the  original  plane? 

Since  the  distance  from  the  axis  through  the  engine  is 
the  determining  factor,  a  simple  construction  will  determine 
the  point  on  the  second  plane  which  has  the  identical  pressure 
of  a  given  point  on  the  jet  axis  plane.  This  is  given  by  the 
equations 
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(20) 
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where  (x1,  y')  are  the  coordinates  of  the  point  in  the  plane 
parallel  to  the  jet- axis  plane  corresponding  to  the  point  with 
coordinates  x  and  y>  and  where  h  is  the  distance  between  planes 
(Fig.  61).  It  is  to  be  noted  that  this  calculation  does  not 
take  into  account  effects  such  as  pressure  doubling  at  the 
surface  and  diffraction  effects  which  occur  on  real  surfaces. 

A  simple  generalization  of  this  procedure,  equating  sound  pressure 
levels  of  points  the  same  distance  from  the  engine  axis  on  a 
plane  perpendicular  to  the  axis,  will  allow  the  sound  pressure 
levels  along  any  surface  to  be  determined. 

A  calculation  of  sound  levels  on  the  wing  of  the  KC-135 
was  attempted  from  known  data  on  the  near  field  overall  sound 
pressure  levels  of  the  J-57  jet  engine  (Ref.  26)  at  military 
power  (Fig.  61).  These  results  were  compared  with  results 
measured  on  the  KC-135  wing  at  full  wet  power  (Ref.  27).  A 
comparison  of  levels  measured  on  the  B-58  wing  (Ref,  28)  at 
maximum  preheat  and  those  calculated  from  engine  data  (Ref.  25) 
with  afterburner  was  also  made  for  overall  and  band  levels 
(Figs.  58  and  62).  (Other  comparisons  could  not  be  made  be¬ 
cause  of  the  lack  of  sufficient  coordinated  data.)  Since  the 
C- 135  has  two  engines  on  each  half  wing,  the  sum  of  the  con¬ 
tributions  due  to  each  engine  was  added  under  the  assumption 
that  they  wqre  incoherent  relative  to  each  other. 

A  comparison  of  the  calculated  results  and  the  actual 
measured  results  shows  a  high  degree  of  geometrical  congruence 
between  contours  on  the  wings.  However,  the  absolute  sound 


56 


pressure  levels  of  the  contours  as  calculated  are  as  much  as 
15  db  lower  than  those  measured  on  the  wings.  This  discrepancy 
could  be  due  to  a  combination  of  several  causes.  First,  the 
operating  conditions  for  the  engine  alone  and  the  engine  on 
the  plane  were  different.  Second,  the  effects  of  pressure  dif¬ 
fraction  were  not  considered  in  the  calculations.  Nevertheless, 
this  method  is  of  value  since  it  predicts  the  shape  of  the 
sound  pressure  level  contours  to  a  close  degree. 


CONCLUSIONS 

Sound  pressure  level  contours  as  obtained  on  structures 
in  actual  service  fields  were  obtained.  These  distributions 
were  subdivided  into  areas  with  simple  characteristics  that 
could  be  simulated  more  easily  than  the  distribution  on  an 
entire  surface.  The  significant  characteristics  themselves 
were  delineated.  A  method  was  devised  for  permitting  the 
calculation  of  sound  pressure  levels  on  a  surface,  when  the 
spatial  distribution  of  levels  for  the  engine  alone  was  known. 
This  method  allowed  the  shape  of  contours  on  a  wing  to  be 
accurately  predicted,  but  it  was  unable  to  predict  their  abso¬ 
lute  levels. 
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SECTION  XI 

CONCLUSIONS  AND  RECOMMENDATIONS 


As  a  result  of  the  research  concerning  utilization  of  . 
the  RTD  Sonic  Fatigue  Facility  for  the  production  of  acoustic 
environments,  the  following  conclusions  and  recommendations 
are  made. 


CONCLUSIONS 

1.  An  analysis  has  been  presented  which  will  enable  the 
sound  environment  existing  under  semi-anechoic  operat- 
ing  conditions  to  be  determined  at  any  point  in  the 
facility  for  any  method  of  siren  operation,  Experi 
mental  verification  of  this  analysis  has  been  demon¬ 
strated. 

2.  An  experimental  program  has  enabled  the  nature  of  the 
semi- reverberant  environment  to  be  established  and 
has  revealed  the  part  played  by  the  absorbing  treat¬ 
ment  in  determining  the  characteristics  of  this  en¬ 
vironment  . 

3.  An  experimental  program  to  determine  the  acoustic 
field  on  structures  subjected  to  a  semi-anechoic 
environment  has  demons trated  the  complexity  of  c om 
bined  interference  and  diffraction  effects. 

4.  An  experimental  program  to  determine  the  acoustic 
field  on  structures  subjected  to  a  semi-reverberant 
environment  has  enabled  the  diffuse  field  diffrac 
tion  effects  to  be  determined.  The  role  of  the  absorb 
ing  treatment  in  determining  these  effects  has  been 
established . 

5  A  study  of  reflector  performance  has  enabled  sound 
field  modification  effects  to  be  predicted  under 
anechoic  operating  conditions  and  has  enabled  limited 
prediction  under  semi-anechoic  operation. 

6.  An  analysis  of  current  service  noise  fields  on  air¬ 
craft  structures  has  enabled  ranges  for  the  values 
of  the  major  service  field  parameters  to  be  deter¬ 
mined.  This  data  provides  an  indication  of  the 
fields  which  must  be  produced  in  the  facility  for 
service  field  simulation  purposes. 
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RECOMMENDATIONS 


1.  In  order  that  the  environment  under  semi-anechoic 
operating  conditions  can  be  predicted  with  high 
accuracy,  the  characteristics  of  the  sirens'  per¬ 
formance,  in  situ,  must  be  determined.  We  there¬ 
fore  recommend  an  experimental  study,  conducted  in 
the  RTD  facility,  to  evaluate  the  sirens'  perform¬ 
ance  as  well  as  that  of  the  acoustic  treatment,  and 
the  reflection  characteristics  of  the  floor,  etc. 

2.  Effort  should  be  devoted  to  evaluating  the  perform¬ 
ance  of  the  facility  both  under  semi-anechoic  and 
semi- reverberant  operating  conditions  to  verify 
conclusions  we  have  established  in  this  model  study. 

3.  A  major  area  requiring  further  research  effort  is 
that  in  which  combined  interference  and  diffraction 
effects  take  place.  This  occurs  when  structures  are 
located  in  the  semi-anechoic  environment. 

4.  Finally,  it  is  recommended  that  further  considera¬ 
tion  be  given  to  sound  field  modification  using 
devices  such  as  reflectors. 
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TABLE  I 


SCALING  PARAMETERS  FOR  ACOUSTICAL  ENVIRONMENTAL  STUDIES 
IN  ANECHOIC  AND  REVERBERATION  ROOMS 


IITRI’s  Anechoic  and  RTD  Sonic 

Reverberation  Rooms  Fatigue  Facilitv 

Anechoic 

Operation 

Signal  Frequency,  cps 

nf 

f 

Signal  Bandwidth,  cps 

n.5f 

6f 

Structure  Dimensions,  ft  (m) 

d/n 

d 

Structure  Dimensions 
- - - ,  ft  sec 

(m  sec)  ^ 

d 

Frequency 

f 

f 

Facility  Dimensions,  ft  (m) 

Independent 

L.(i  =  1,2,3) 

Reverberant 

Operation 

Frequency,  cps 

nf 

f 

Structure  Dimensions,  ft  (m) 

d/n 

d 

Structure  Dimensions 
- - - — ,  ft  sec 

(m  sec)  ii 

d 

Frequency 

f 

f 

Facility  Dimensions,  ft  (m) 

L^/n 

V1  - 

Facility  Volume,  ft3  (m3) 

V/n3 

V 

Facility  Surface  Area,  ft2  (nr 

2)  S/n2 

S 

Acoustic  Treatment  Area,  ft 

(m2)  A/n2 

A 

Absorption  Coefficient  at 
Frequency  nf  in  Model  f  in 
Full  Scale  Facility 

anf 

af(=on£) 

Room  Constant,  ft  (m) 

3/n2 

3 

Reverberation  Time,  sec 

T/n 

T 

Mean  Free  Path,  ft  (m) 

M/n 

M 

Extent  of  Direct  Field,  ft  (m 

)  r'/n 

r* 
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TABLE  1 1- A 


CHARACTERISTICS  OF  SERVICE  FIELDS  ON  WINGS 

Aircraft:  B-58-A  with  Engines  at  Maximum  Pre-heat 

Area  (1):  Rear  Half  of  Wing,  Truncated  Right  Triangle  (see  Fig.  60) 


Value  of  Parameter  in  Band 


Parameter 


Overall  20-74  cps  150-300  cps  600- 1200  cps 


Range  of  Sound 
Pressure  Levels  (db) 


146- 154 


142-162 


150-168  128-148 


Range  of  Gradients 


Range  o 
(db/ft) 


0.0-.87 


.17-1.95 


.30-1.40  .10-2.0 


Range  of  Radii  of 
Curvature  (ft) 


5.5-43.8 


.9  -47.5  1.4-37.4  1.3-53.0 


Comments 


1.  Sound  Pressure  Level  Contours 


The  contours  are  concentric  and 
generally  parabolic  in  Region  (A)  and 
’  to  hyperbolic  in  Regions  (B) 
The  highest  levels  occur  in 
Region  (A).  The  highest  band  levels 
are  in  the  150-300  cps  band. 


20  ft 


20  ft 


2.  Gradients 


The  gradients  vary  relatively  little  with  frequency  with 


the  highest  values  in  Region  (B) . 

3.  Radii  of  Curvature 

The  radii  of  curvature  appear  to  be  independent  of  fre¬ 
quency,  and  are  generally  larger  towards  the  inner  and  outer 
regions  of  the  wing. 
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TABLE  II- B 


CHARACTERISTICS  OF  SERVICE  FIELDS  ON  WINGS 


Aircraft:  B-58-A  with  Engines  at  Maximum  Pre-heat 

Area  (2):  Front  Half  of  Wing,  Right  Angle  Triangle  (see  Fig.  60) 


Parameter 


Range  of  Sound 
Pressure  Levels  (db) 

Range  of  Gradients 
(db/ft) 


Value  of  Parameter  in  Band 
Overall  20-74  cps  150-300  cps  600-1200  cps 


140-150  120-130 


130- 140 


134- 142 


.21-. 80  .03-. 31 


.16-. 44 


.27-. 61 


Range  of  Radii  of 

Curvature  (ft)  9.1-34.7  20.1-40.2  9.1-21.9  14.6-36.5 


Comments 

1.  Sound  Pressure  Level  Contours 

The  contours  are  slightly  curved 
and  para lie 1 ,  with  the  levels  decreas¬ 
ing  as  one  proceeds  from  Region  (A)  to 
Region  (B) .  The  highest  band  levels 
are  in  the  600-1200  cps  band. 


2 .  Gradients 

The  gradients  are  nearly  constant  with  regard  to  both 
frequency  and  position. 

3.  Radii  of  Curvature 

The  radii  of  curvature  appear  to  be  independent  of  fre¬ 
quency  and  tend  to  increase  from  Region  (A)  to  Region  (B) . 
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TABLE  II- C 


CHARACTERISTICS  OF  SERVICE  FIELDS  ON  WINGS 


Aircraft:  KC-135  with  Engines  at  Full  Wet  Power 

Area  (1):  Wing  Section  Behind  and  Out  from  Outboard  Engine, 

Rectangular  Area  (see  Fig.  60) 


Parameter 

Value  of  Parameter  in  Band 

Overall 

37.5-75  cps 

150-300  cps 

600-1200  . 

Range  of  Sound 
Pressure  Levels  (db) 

152-165 

130- 155 

140-160 

148-160 

Range  of  Gradients 
(db/ft) 

1.0-2. 2 

.80-2.6 

.75-5.0 

.7-2.0 

Range  of  Radii  of 
Curvature  (ft) 

6-25 

4-22 

9-44 

2-10 

Comments 


1. 


2. 


Sound  Pressure  Level  Contours 

- - - 10  ft 

The  general  shape  of  the  contours 
are  concentric  hyperbolas,  with  the  levels 
decreasing  from  (A)  to  (C) .  The  highest 
band  levels  occur  in  the  600-1200  cps  band. 

Gradients 


The  largest  gradients  occur  in  the  central  portion  of 
the  (B)  region.  The  largest  gradients  occur  in  the  150-300  cps 
band. 


3 .  Radii  of  Curvature 


The  radii  of  curvature  increase  almost  linearly  from 
Region  (A)  to  Region  (C). 
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TABLE  II- D 


CHARACTERISTICS  OF  SERVICE  FIELDS  ON  WINGS 

Aircraft:  KC-135  with  Engines  at  Full  Wet  Power 

Area  (2):  Wing  Section  Behind  and  Out  from  Inboard  Engine, 
Rectangular  Region  (see  Fig.  60) 


Parameter 

Value  of  Parameter  in  Band 

Overall 

37.5-75  cps 

150-300  cps 

600-1200  c 

Range  of  Sound 
Pressure  Levels  (db) 

157-164 

130-  150 

145-160 

150-  155 

Range  of  Gradients 
(db/f t ) 

.35-1.0 

0-6.0 

.6-5.0 

.2-1.4 

Range  of  Radii  of 
Curvature  (ft) 

1.8-25.6 

1.8-44 

4.6-65 

2.7-18.3 

Comments 


1 .  Sound  Pressure  Level  Contours 

The  contours  are  concentric  and 
generally  parabolic  (compared  to  those 
in  Area  (1)).  They  exhibit  a  less 
regular  pattern  than  those  in  Area  (1). 

The  highest  levels  occur  in  the  150- 
300  cps  and  600-1200  cps  bands. 

2.  Gradients 

There  is  no  specific  pattern  but  the  highest  levels  are 
usually  in  the  center  of  Region  (C).  The  largest  gradients 
are  found  in  the  37.5-75  cps  band. 

3.  Radii  of  Curvature 


The  radii  of  curvature  tend  to  increase  from  Region  (A) 
to  Region  (C).  The  largest  radii  occur  in  the  150-300  cps 
band. 
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TABLE  II- E 


CHARACTERISTICS  OF  SERVICE  FIELDS  ON  WINGS 


Aircraft:  KC- 135  with  Engines  at  Full  Wet  Power 


Area  (3): 

Outer 

Section  of  Wing  to  Win; 
Rectangle  (see  Fig.  60 

|  Tip,  Approximate 

Parameter 

Value  of  Parameter  in  Band 

Overall 

37.5-75  cps 

150-300  cps 

600-1200 

Range  of  Sound 
Pressure  Levels 

(db) 

145-158 

125-135 

140-150 

143-153 

Range  of  Gradients 
(db/ft) 

1.1-1. 3 

.9-1.6 

.6-1.25 

.5-.  9 

Range  of  Radii 
Curvature  (ft) 

of 

35-73 

25-51 

6-91 

16-40 

Comments 


1 .  Sound  Pressure  Level  Contours 


The  contours  tend  to  be  slightly 
curved,  parallel  arcs  which  tend  to 
straighten  out  in  Region  (D)  levels  de¬ 
crease  from  Region  (A)  to  Region  (C) . 
Highest  levels  occur  in  600-1200  cps 
band. 


2 .  Gradients 


The  range  of  gradients  vary  relatively  little  in  any  fre¬ 
quency  band,  compared  to  other  areas;  (1),  (2),  and  (5).  The 
highest  gradients  occur  in  the  37.5-75  cps  band. 


3 .  Radii  of  Curvature 


The  radii  tend  to  be  large  relative  to  other  areas  of  the 
wing.  The  radii  increase  from  Area  (A)  to  Area  (B) . 
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TABLE  II- F 

CHARACTERISTICS  OF  SERVICE  FIELDS  ON  WINGS 

Aircraft:  KC-135  with  Engines  at  Full  Wet  Power 
Area  (4):  From  Inboard  Engine  to  Fuselage  (see  Fig.  60) 

There  was  insufficient  data  to  make  an  analysis. 
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TABLE  II- G 


CHARACTERISTICS  OF  SERVICE  FIELDS  ON  WINGS 

Aircraft:  KC- 135  with  Engines  at  Full  Wet  Power 
Area  (5):  Behind  and  Between  Engines,  Square  Area  (see  Fig.  60) 


Parameter 


Value  of  Parameter  in  Band 


Overall 

37.5-75  cps 

150-300  cps 

600-1200  cps 

Range  of  Sound 
Pressure  Levels  (db) 

152-162 

132-142 

142-155 

147-159 

Range  of  Gradients 
(db/ft) 

.6-1.1 

0. 0-3.0 

.75-1.7 

.5-1.25 

Range  of  Radii  of 
Curvature  (ft) 

6-66 

1.8-45 

7-46 

4-15 

16 


Comments 

Sound  Pressure  Level  Contours 

The  contours  are  generally  con¬ 
centric  hyperbolas,  with  the  highest 
levels  occurring  in  Region  (A).  The 
highest  band  levels  occur  in  the  600- 
1200  cps  band . 

Gradients 

There  are  no  significant  characteristics  other  than  that 
the  gradients  tend  to  be  highest  in  Regions  (D)  and  (E).  The 
highest  gradients  occur  in  the  37.5-75  cps  band. 

Radii  of  Curvature 

There  is  a  wide  range  of  radii  for  the  two  lower  bands. 
The  600-1200  cps  band  has  a  much  smaller  range.  Area  (C) 
tends  to  have  the  largest  radii. 


70 


Jensen  8  in. 
Loudspeakers 
(0.20  m) 


3  ft  9  in.  I 

- (1.14  m) - *j 

k  *  l 

jOOOCi)C*5f 

ooooa 

ooooo 

ooooo 

OOOOGt 


13  in 
K(0.33m)~ 


I 

4  ft 

(1.2  m) 


1 

A7f  - 


*8-5/8  in.  (0.22m) 
**9  in.  (0.23  m) 


Figure  1.  Speaker  Bank  and  its  Location  in 
Model  Semi- Anechoic  Facility. 


71 


1-1/2  ft 


Note:  1.  Wall  and  Ceiling  Splaying  Not  Shown. 

2.  Numerical  Dimensions  Represent  Average 
Values  (see  Appendix  B) . 


Frequency 

cps 

125 

250 

500 

1000 

2000 

4000 

Absorption 

Coefficients 

0.44 

0.72 

0.99 

0.99 

0.95 

0.93 

Figure  2.  Details  of  Absorbing  Treatments  for 

Semi- reverberant  Model  Facility  Operation. 


,46  m) 
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Figure  3.  Plan  of  Reverberation  Room,  Showing  Source  and  Measuring 
Stations  Positions. 


Figure  4. 


Experimental  Setup, 


74 


0 


43 

XJ 


10 


cu 
> 

0) 

<U 

J4 

D 

so 

so 

0) 

Pm 

£ 

d 

o 

CO 

>> 

$-1 

cy 

-u  -20 

*H 

43 

^3 


-30 


1 

3 


\ 


\ 

\  \ 

o  \  XD 

\  X° 

°X  \  \  □ 

\  °X  X 


\  \  □ 


\  °\ 
•\  <\ 


\ 


\ 

\  '°\  \ 

\  X\  UJ  Q 

•  \  Ns°  H3  D 

\  \o  \ 

\  \o  \ 


□ 


Frequency  Direction 
□200  A  » 


O  1250 
•  3150 


B 

A 


\o 

□ 

\  0  0 

•\*  \ 

\ 

\* 

\ 


J _ I _ L 


2 

6 


3  4  5  6789  10 

.9  1.2  1.5  1.8  2.1  2.4  2.7  3.0 

Distance  from  Source 


15  20  ft 

4.5  6.1  m 


Figure  5.  Inverse  Square  Law  Effects 
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Figure  6.  Sound  Pressure  Level  Contours  in  a  Plane,  Semi- anechoic 
Environment,  Single  Source  Excitation:  White  Noise  Band 
200  +  100  cps  * 
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Figure  j  .  Sound  Pressure  Level  Contours  in  a  Plane  Semi-Anechoic 
Environment.  Single  Source  Excitation  White  Noise 
Band:  300  +  100  cps 
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Figure  8.  Sound  Pressure  Level  Contours  in  a  Plane,  Semi-Anechoic 
Environment.  Single  Source  Excitation.  White  Noise 
Band  1250  +  100  cps. 
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Figure  9.  Sound  Pressure  Level  Contour  Distributions  as  A  Function 

of  Source  Separation,  Single  Source  Excitation  Semi-Anechoic 
Environment,  White  Noise  Band  1250  +  100  cps. 
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Figure  10.  Sound  Pressure  Level  Profiles  in  a  Vertical  Line, 
Semi- anechoic  Case,  Bands  of  White  Noise,  Single 
Source  Excitation. 
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Figure  11.  Sound  Pressure  Level  Profiles  in  a  Horizontal 
Line  Along  the  Floor.  Semi-anechoic  Case, 

Hands  of  White  Noise,  Single  Source  Excitation. 
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Sound  Pressure  Level  (db)  Sound  Pressure  Level  (db)  Sound  Pressure  Level  (db) 


Height 

Figure  12,  Vertical  Sound  Pressure  Level  Profiles  for  Sine  Wave  Excitation 
and  Noise  Band  Excitation,  Semi-Anechoic  Case,  Single  Source 
Excitation.  (Source  5  -  see  Figure  10). 
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Figure  13, 


Sound  Pressure  Level  Profiles  for  Closely  Spaced  Groups  of  Sources 
Wear  the  Floor,  White  Noise  Band  Excitation,  Coherent  Sources 
Semi-anechoic  Case. 
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figure  14*  Sound  Pressure  Level  Profiles  for  Closely  Spaced  Groups  of  Coherent 
Sources  Away  from  the  Floor,  White  Noise  Baud  Excitation,  Semi* 
anechoic  Case. 
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Figure  15.  Sound  Pressure  Level  Profiles  for  Groups  of  Coherent  Sources 
in  a  Horizontal  Row  Near  the  Floor,  White  Noise  Band 
Excitation,  Semi-anechoic  Case. 
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Figure  16. 


Effects  of  Heights  of  Groups  of  Coherent  Sources 
Upon  Sound  Pressure  Level  Profiles  in  a  Vertical 
Direction,  Semi-anechoic  Case,  White  Noise  Band: 
1250  +  100  cps. 
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Figure  17.  Effects  of  Separation  of  Sources  upon  Sound  Pressure  Level  Profile 
for  Groups  of  Coherent  Sources,  Profiles  Along  Floor,  Semi-anechoi 
Case,  White  Noise  Band:  1250  +  100  cps. 


Figure  18.  Interference  Field  of  a  Source  A,  Located  Above  a 
Reflecting  Surface. 
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(a)  Signals  and  Auto-Correlation  Coefficients  for  Discrete 

Narrow-,  and  Broad- Band  Signals. 


Figure  19.  Correlation  Coefficients  and  Interference  Fields. 
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Figure  20.  Distribution  in  Vertical  Plane  50  ft*  (15.25m) 
from  Siren  Bank  in  RTD  Facility  for  X/x  =  8, 

4  and  2 . 
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Figure  2 1 .  Interference  Sound  Pressure  Leve 1  and 
Phase  Distribution  Along  Vertical  Line 
Above  Floor. 
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Figure  22,  Reverberation  Times  in  Modified  and  Unmodified 
Reverberation  Room, 
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Figure  23.  Axes  in  Reverberation  Room  for  Spatial 
Sound  Pressure  Level  Distribution 
Determination. 
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Figure  24 „  Spatial  Sound  Pressure  Level  Distribution 
Along  Floor  Diagonal  in  Reverberation 
Room  with  Perimeter  Treatment. 
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Figure  25.  Spatial  Sound  Pressure  Level  Distribution 
Along  Inclined  Axis  in  Reverberation  Room 
with  Perimeter  Treatment. 
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Figure  26.  Spatial  Sound  Pressure  Level 
Distribution  Along  Vertical 
Axis  in  Reverberation  Room 
with  Perimeter  Treatment. 
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Figure  27.  Spatial  Sound  Pressure  Level  Distribution 
Along  Floor  Diagonal  in  Reverberation  Room 
with  Ceiling  Treatment _ 
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Figure  28,  Spatial  Sound  Pressure  Level  Distribution  Along 
Inclined  Axis  in  Reverberation  Room  with  Ceiling 
Treatment , 
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Figure  29*  Cross-Correlation  Coefficients  in  Reverberation  Room 
Without  Treatment, 


99 


to 

u 


u 

u 

o 

U 


o 

u 

o 


Cross -Correlation 

Axis  Directions 


Vertical  in  Room 
Center.  V 

c 

Vertical  from 
Floor,  Vj. 

Horizontal  in 
Room  Center,  H 

c 

Horizontal  on 
Floor, 


Figure  30,  Cross -Cor relation  Coefficients  in  Reverberation  Room 
With  Ceiling  Treatment, 
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Figure  31.  Cross -Correlation  Coefficient  in  Reverberation  Room 
with  Perimeter  Treatment* 
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Figure  32.  Cross-Correlation  Coefficient  in  Reverberation  Room 
with  Perimeter  Treatment. 
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Figure  34.  Spatial  Sound  Pressure  Level  Distribution  in 
Small  Enclosure  in  Reverberation  Room. 
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Figure  35.  Sound  Pressure  Level  Contours  on  a  Vertical  Panel 
in* a  Semi-Anechoic  Environment,  White  Noise 
Excitation:  500  +  100  cps. 
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Figure  36.  Sound  Pressure  Level  Contours  on  a  Vertical  Panel 
in  a  Relative  Minimum  of  the  Incident  Interference 
Field,  Semi-Anechoic  Case,  Geometry  of  Experiment 
and  Incident  Field , 
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Figure  37.  Sound  Pressure  Level  Contours  on 
Relative  Minimum  of  the  Incident 
Semi-Anechoic  Case 
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Figure  38.  Sound  Pressure  Level  Contours  on  a  Vertical  Panel  (4  x  8  ft.,  1.2  x  2.4m)  Normal  to 
the  Source  Plane,  Semi-Anechoic  Case,  White  Noise  Band  Excitation:  500  +  100  cps. 
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Figure  39.  Sound  Pressure  Level  Contours  on  a  Vertical  Panel  (4x8  ft. ,1.2  x  2.4m)  as 
Function  of  Inclination  to  the  Source  Semi-Anechoic  Case. 
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Figure  40.  Sound  Pressure  Level  Contours  on  a  Horizontal 
Panel,  Semi- anechoic  Case,  White  Noise  Band; 
500+  100  cps . 
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Figure  41.  Sound  Pressure  Level  Contours  on  an  Inclined 

Panel  in  Relative  Minima  of  Incident  Interference 
Fields,  Semi-Anechoic  Case,  White  Noise  Band 
Excitation. 
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Figure  42.  Sound  Pressure  Level  Contours  on  an  Inclined 

Panel  in  Relative  Maxima  of  Incident  Interference 
Fields,  Semi-Anechoic  Case,  White  Noise  Band 
Excitation. 
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Figure  43.  Importance  of  Alignment  of  an  Inclined  Panel 
in  an  Incident  Interference  Maximum  and  in  a 
Minimum,  Semi-anechoic  Case. 
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Figure  44,  Sound  Pressure  Level  Increase  on  (a)  Vertical,  and  (b) 
Horizontal  Panel  of  Dimensions  2a  x  2a,  Located  in 
Reverberation  Room  with  Ceiling  Treatment. 
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Figure  45. 


Cross-Correlation  Coefficients  over  Surface  of  Horizontal 
Panel  in  Reverberation  Room  with  Ceiling  Treatment. 
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Figure  46*  Cross-Correia tion  Coefficients  over  Surface  of  Vertical 
Panel  in  Reverberation  Room  with  Ceiling  Treatment. 
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Figure  47.  Energy  Theoretically  Reflected  from  Flat  Disc  of  Diameter 
2a  Exposed  to  Normally  Incident  Sound  of  Wave  Number  k. 
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Figure  48.  Near-Field  of  Reflectors  (2a  x  2a)  Using  Normally  Incident 
Single  Frequency  Signals. 
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Figure  49.  Near-Field  of  Reflectors  (2a  x  2a)  Using  Normally 
Incident  Single  Frequency  Signals. 
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Figure  50.  Near  Field  of  Reflectors  (2a  x  2a)  Using  45 
Incident  Single  Frequency  Signals. 
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Figure  51.  Sound  Field  Modification  Using  Reflector 
in  Anechoic  Condition. 
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Figure  52.  Sound  Field  Modification  Along  Floor,  Using 
Re  f lec  tor  Dev ic  e , 
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Figure  53.  Sound  Field  Modification  in  Vertical  Direction 
Above  Floor,  Using  Reflector  Device. 
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Figure  54.  Location  of  Reflector  and  Test  Structure  in 
Semi- anecho ic  Environment . 


124 


Relative  S.P*L.  (db) 


1250  cps  Noise  Band 


Figure  55.  Sound  Pressure  Level  Distribution  on  Test 
Structure  Using  Inclined  Reflector. 
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Figure  56*  Sound  Pressure  Level  Distribution  in  Region 
and  on  Test  Structure  Using  Reflector  Device. 
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Figure  57,  Sound  Pressure  Level  Distribution  on  Test 
Structure  Using  Separated  Reflector, 
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db  re  2  x  10  ^  N/m^ 


Figure  58.  Experimental  Sound  Pressure  Levels 
on  B-58  Wing  for  Engines  at  Maximum 
Preheat . 
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Figure  59.  Experimentally  Measured  Sound  Pressure  Levels  on  KC- 135 
Wing  for  Engines  Operating  at  Full  Wet  Power. 


Figure  60.  Subdivision  of  Two  Wings  into  Areas 
with  Simple  Geometrical  Shaped  Sound 
Pressure  Level  Contours. 


130 


(b) 


Figure  61.  (a)  Geometrical  Model  Used  to  Calculate 

Sound  Pressure  Levels  on  a  Wing  from 
Engine  Data. 

(b)  Calculated  Overall  Sound  Pressure 
Levels  on  KC-135  Wing  with  Engines 
at  Military  Power. 
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db  re  2  x  10~5  N/m2 


Figure  62.  Calculated  Octave  Band  Sound  Pressure 
Levels  on  the  B-58A  Wing  for  Engines 
Operating  under  Full  Afterburner  Power. 
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APPENDIX  A 


EXAMPLE  CALCULATION  OF  THE  PRESSURE  AND  PHASE  OF  AN 
ACOUSTIC  FIELD  EXISTING  IN  A  SEMI-ANECHOIC  FACILITY 


In  Fig.  21  of  the  main  text,  the  pressure  and  phase  dis¬ 
tribution  along  a  vertical  line  above  the  reflecting  floor  of 
the  model  facility  are  shown.  The  following  example  illus- . 
trates  how  these  data  were  obtained  at  a  given  single  location. 
Figure  A1  illustrates  the  chosen  location  A,  located  4  ft 
above  the  floor.  The  source,  S,  radiates  a  noise  band  signal 
centered  at  a  frequency  of  1250  cps  whose  auto- correlation 
function,  determined  under  anechoic  conditions  using  an  analog 
correlator,  is  shown  in  Fig.  A2. 


PRESSURE  CALCULATION 

The  mean  square  pressure  at  A  is  [from  Eq.  (5)] 


In  this  example  the  line  ABX  will  be  considered  to  be 
located  in  the  far  field  so  that  Pl^ ^  P2^ ^  ^  P4^  (=  F, 

the  mean  square  pressure  level  obtained  under  completely  ane¬ 
choic  conditions  at  A,  B,  or  X). 

Thus  the  mean  square  pressure  at  A  is 
2?  [1  +  R(t)  ] 

where  r  =  |S'A  -  SAj /c  =  1.36/1100  =  1.236  msecs. 

From  Fig.  A2 ,  R(t)  =  -0.56,  so  the  mean  square  pressure 
at  A  is  0.88  .  Since  the  mean  square  pressure  at  X  is  equal 

to  2P2,  the  level  at  A  relative  to  that  at  X  is  equal  to 


10  login  i.e.  ,  -6.4  db 

"iU  2.0 


This  calculation  was  performed  for  several  locations  along 
this  given  vertical  line,  and  the  resulting  calculated  sound 
pressure  level  curve  is  shown  in  Fig.  21. 
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PHASE  CALCULATION 


In  this  example  the  line  ABX  is  again  considered  to  be 
located  in  the  far  field.  Then  the  cross-correlation  coeffi¬ 
cient  between  A  and  B  is  shown  in  Eq.  (8)  to  be 


Ra  g  (R^  3  4  ^  ^2  3  R2 

where  R3  3  represents  the  cross- correlation  coefficient  be¬ 
tween  signal  1  at  A  and  signal  3  at  B,  etc. 

3  is  determined  in  the  following  manner. 

R1j3  '  R(t) 
where  r  ■  jSA  -  SB|/c. 

If  we  choose  B  to  be  located  at  X  and  make  this  a  phase 
reference  location,  then,  because  P-j  and  P^  will  be  identical, 


and 


So 


Now 


R2,3 

R2 ,4 

R1 , 3 

R1 , 4 

RA,B(=X) 

=  (R^  3  +  ^2,3^^ 

R1 , 3 

R(t) 

where  t  is  now  equal  to  |SA  -  SX|/c  —  0.08/1100  —  0.073  msec. 
So  from  Fig.  A2 


R1  3  =  +  0.78. 

Similarly, 

R2 , 3  =  R^ 

where  t  is  now  equal  to  |s'A  -  SX|/c  ~  1.28/1100  =  1.164  msec. 
So  from  Fig.  A2 


R2 , 3  “0.55 
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Thus  the  value  of 


Ra  =  (+  0.78  -  0.055)/2  =  +  0.115 

This  calculated  value  of  the  cross-correlation  function 
between  the  acoustic  field  at  a  point  A  located  4  ft  above  X 
and  the  field  at  X,  together  with  calculations  for  additional 
locations  is  shown  in  Fig.  21. 


Figure  A-l. Geometry  of  System 
Producing  an  Interference  Field 


Path  Difference  (ft.) 


T,,Time  Delay  (msecs) 
Figure  A-2 .Auto-Correlation 
Coefficient  for  Given  Noise 
Band  Signal  with  Center 
Frequency  1250  cps. 
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APPENDIX  B 


CALCULATED  PARAMETERS  OF  THE  RTD  AND  IITRI 
REVERBERATION  FACILITIES 


The  following  values  are  based  upon  an  assumption  of 
rectangular  facility  shapes  as  shown  in  Fig.  Bl.  Also,  all 
surfaces  are  assumed  to  have  negligible  absorption  coeffi¬ 
cient  except  the  acoustic  treatment  for  which  a  value  of  100 
per  cent  is  chosen. 


(a)  RTD  Facility,  fully  reverberant 

Surface  area  -  17,592  ft2  <2  x  68  x  42, 

2  x  68  x  54, 

2  x  54  x  42) 

Volume  =  155,000  ft3  (68  x  54  x  42) 


(b)  RTD  Facility,  collapsed  wall  treatment 

2 

Exposed  area  of  treatment  =  3,721  ft  (2  x  6-1/2  x  68, 

2  x  6-1/2  x  41, 

2  x  12  x  55. 

2  x  12  x  41) 

Untreated  area  =  13,247  ft2  (68  x  54,  55  x  41, 

2  x  30  x  68, 

2  x  30  x  54) 


Total  area  =  16,968  ft 

Volume  =  137,220  ft3  (68  x  54  x  30, 

55  x  41  x  12) 

a  =  0.219,(3721/16,968)  p  =  4764  ft2, [3721/(1  -  0.23)] 

(c)  RTD  Facility,  collapsed  wall  and  ceiling  treatment 


area  of  treatment  ~ 

4 

,440 

ft2 

(68 

X 

54, 

2  x 

4  x  55 , 

2 

X 

4  x 

41) 

Untreated  area  = 

10 

,992 

ft2 

(68 

X 

54, 

2  x 

30  x  68, 

2  x  ! 

30  x 

54) 

Total  area  = 

15 

,432 

ft2 

Volume  - 

119 

,180 

ft3 

(68 

X 

54 

x  30, 

i 

55 

X 

41 

x  4) 
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a  =  0.288, (4440/15,432)  p  =  6236  ft2, (4440/1  -  0.288) 

(d)  IITRI  Facility,  fully  reverberant 

Surface  area  =  1428  ft2  (2  x  21  x  14,  2  x  21  x  12 

2  x  12  x  14) 

Volume  -  3528  ft3  (21  x  14  x  12) 


(e)  IITRI  Facility,  perimeter  treatment 

Exposed  area  of  treatment  =  299  ft2  (2  x  1-1/2  x  21, 

2  x  1-1/2  x  11, 

2  x  3-1/2  x  18, 

2  x  3-1/2  x  11) 

Untreated  area  =  1087  ft2  (21  x  14,  18  x  11, 

2  x  8-1/2  x  21, 

2  x  8-1/2  x  14) 

Total  area  »  1386  ft 

Volume  =  3192  ft3  (21  x  14  x  8-1/2, 

18  x  11  x  3-1/2) 


a  -  0.216, (299/1386) 


P  =  381  ft%  (299/1  -  0.216) 


(f)  IITRI  Facility,  ceiling  treatment 

2 

Exposed  area  of  treatment  -  222  ft  (actual  size  18-1/2  x  12) 

Untreated  area  =  1101  ft2  (21  x  14,  2  x  10-1/2  x  21, 

2  x  10-1/2  x  14,  2  x  21, 
2-1/2  x  12) 

- 7 

Total  area  =  1323  ft 

Volume  -  3087  ft3  (21  x  14  x  10-1/2) 


a  =  0.168, (222/1323) 


p  =  267  ft2,  (222/1  -  0.168) 


(g)  IITRI  Facility,  combined  ceiling  and  perimeter 
treatment 

Exposed  area  of  treatment  *  410  ft2  (21  x  14,  2  x  2  x  18, 

2  x  2  x  11) 

Untreated  area  -  889  ft2  (21  x  14,  2  x  8-1/2  x  21, 

2  x  8-1/2  x  14) 
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Total  area  =  1299  ft' 
Volume  =  2895  ft' 


(21  x  14  x  8-1/2, 
18  x  11  x  2) 


a  =  0.316,(410/1299) 


p  -  599  ft  , (410/1  -  0.316) 


10ft. 


68  ft. 


Approximate  Dimensions  of 
RTD  Facility  68  x  54  x  42  ft. 


5  ft. 

I - 1 


Approximate  Dimensions  of 
IITRI  Facility  21  x  14  x  12  ft. 


Figure  B-l.  Rectangular  Approximations  for  the  Shapes  of  the 
RTD  and  the  IITRI  Reverberation  Rooms. 
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